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Abstract 
Woody biomass materials which include timber harvest residues, such as tree tops and 
small diameter trees, have the potential to be an important source of renewable energy.  Their use 
as an energy feedstock or use as an input for other products is partly dependent on whether the 
materials can be harvested and transported to markets in a cost-efficient manner.  In order to 
supplement the current knowledge base on woody biomass harvest systems, two integrated 
harvest systems, a whole tree harvest that extracted tops and a whole tree harvest that extracted 
tops and small diameter trees, simultaneously harvested woody biomass and conventional solid 
hardwood products (SHWP) on 30 acres of Missouri forestland.  A mechanized system 
consisting of a feller-buncher, grapple skidder, and loader was used in both harvesting systems.  
Activity sampling and time-in-motion data were collected on all harvest machinery to determine 
system efficiency.  Joint cost analysis was used to separate costs associated with harvesting 
SHWP and woody biomass.  Marginal cost analysis was used to treat the tops of SHWP that 
were brought whole tree to the landing as a by-product of the SHWP.  A sensitivity analysis was 
used to test the effects of changes of different costs on the cost per green ton of SHWP and 
woody biomass.  Total cost estimates per green ton of material delivered to the landing at a 5% 
interest rate were $35.25 for SHWP and $5.76 for woody biomass in the whole tree (WT) harvest 
and $32.82 for SHWP and $8.81 for woody biomass in the whole tree with small diameter tree 
(WTSD) harvest.  With the addition of a chipper, woody biomass costs increased to $11.11 per 
green ton in the WT harvest system and $14.16 per green ton in the WTSD harvest system.
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Chapter 1. Introduction 
A high level of public interest in the utilization of woody biomass as a commercial energy 
feedstock developed in the 1970s triggered by the “International Oil Crisis”, when high 
petroleum price levels encouraged use of alternative fuel sources (Yoshioka et al. 2006).  Woody 
biomass includes by-products of conventional timber products, such as tree tops, timber harvest 
residues, and non-merchantable trees that need to be removed from the stand for management 
purposes (Janowiak and Webster 2010).  If utilized for bioenergy (i.e. energy from biomass 
sources),woody biomass offers the opportunity to reduce dependence on non-renewable 
petroleum based and coal resources with an energy source that can be managed in a sustainable 
way (Cook and Beyea 2000).  In addition to the need to find a replacement for finite levels of 
fossil fuels, society has become more concerned about the possible harmful environmental, 
economic, and social effects of burning fossil fuels for energy (Cook and Beyea 2000).  In 
addition to serving as a renewable fuel source, woody biomass can also be used for mulch, 
firewood, and other products that do not require high quality material.  
The associated benefits with using woody biomass as an alternative to fossil fuels are 
numerous.  Woody biomass utilization would decrease the nation’s dependence on foreign oil 
imports (Janowiak and Webster 2010).  The establishment of strong woody biomass markets 
could also serve to boost rural economies (Janowiak and Webster 2010), create additional jobs 
for loggers, commercial forest management operations, and consulting foresters and generate 
local heat and energy (Aguilar and Garrett 2009).  Expanding biomass markets would also 
benefit private landowners by encouraging more active forest management (Aguilar and Garrett 
2009); facilitating the growth of higher value forest products, and increasing the overall health of 
the forest stand to the benefit of wildlife (Becker et al. 2006; Mitchell and Gallagher 2007). 
2 
 
Decreasing the amount of wood residue on the ground can also serve to eliminate a potential host 
for diseases and insects (Muzika and Liebhold 2000).   
Removing excess biomass also reduces fuel loads and the risk of severe wildfires.  Thinning 
and conventional timber harvests alone usually would not remove enough fuel off the site to 
significantly reduce the danger of severe wildfires and may even worsen the situation by 
increasing the fuel load on the ground and decreasing the moisture content of the surface fuel 
(Graham et al. 1999; Scott and Reinhardt, 2001).  Woody biomass extraction can become an 
important component in the objective to reduce fuel loads by removing overstocked residual 
material.  It also allows this material to be utilized, giving an alternative to using controlled 
burning or mulching to reduce fuel loads (Bolding 2006).  In cases where the market is strong 
enough and the costs of extraction are not prohibitive, a biomass harvest can help reduce the cost 
of fuel reduction projects (Mitchell and Gallagher 2007).  While biomass removal may not 
generate an immediate profit, the alternative of a potentially severe wildfire could be even more 
costly than active management (Lynch 2004).  Biomass harvests have also proven to reduce 
replanting costs by creating a cleaner site to reestablish tree seedlings, reducing the need to use 
site preparation equipment, saving on fuel and labor costs (Watson et al. 1986; Mitchell and 
Gallagher 2007; Westbrook et al. 2007). 
However, with increasing harvest intensity and greater removal of biomass from forests there 
are also potential negative impacts (Adams et al. 2000).  One of the greatest concerns is how 
biomass harvests will affect the nutrient cycle in forest soils when high volumes of wood residue 
are removed from the site (Adams et al. 2000).  With the removal of whole trees, limbs and tops, 
products that are traditionally left on site, these sources of nutrients will become unavailable to 
return back to the soil (Anderson 1985; Hendrickson 1988).  Frequent removal of biomass 
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overtime could potentially deplete nutrient levels to a point where the overall productivity of the 
forest declines in terms of timber growth and yield (Adams et al. 2000; Huntington et al. 2000).  
Biomass harvests could also adversely affect soil physical conditions by causing higher levels of 
soil compaction and increased erosion (Hakkila 1989; Becker et al. 2006).  Therefore, it is highly 
important that harvest strategies minimize impacts on the forest ecosystem, such as through the 
implementation of Best Management Practices (BMPs) that require leaving a portion of the 
biomass residue on the site to protect the integrity of the forest stand (MDC 2009). 
In addition to concerns over environmental impacts, economic feasibility can also limit the 
extraction of woody biomass.  Strength of product markets and harvest costs all play a role in 
determining the implementation of biomass harvests (Bolding et al. 2009; Hudson and Mitchell 
1992; Puttock 1995).  Conventional logging equipment is primarily designed to handle larger 
diameter timber and is less efficient at handling small diameter trees that are used for fuel wood 
(Bolding 2006).  Therefore harvesting biomass using conventional equipment can be more 
expensive and less profitable than a conventional timber harvest due to decreased harvesting 
efficiency (Stokes and Klepac 1997; Bolding and Lanford 2005). Also, distance to facilities 
using woody biomass has a major impact with hauling being a costly aspect of a harvesting 
operation (Martin 1971; Eza et al. 1984; Perlack et al. 2005).   
Numerous studies have been conducted on the most efficient methods and harvesting systems 
to extract woody biomass.  Hudson and Mitchell (1992) stress that biomass needs to be 
integrated with a conventional timber harvest in order to be an economically feasible operation.  
There are two main methods of conducting an integrated timber-woody biomass harvest; a one-
pass system where biomass and conventional products are removed together, and a two-pass 
system where the biomass and the conventional products are removed separately (Watson et al. 
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1986). Studies suggest that the one-pass method is the most economical method of removing 
biomass (Stuart et al. 1981; Miller et al. 1987). However, the most economically efficient 
harvesting system (i.e. the equipment suite used during the harvest) is more difficult to determine 
and is highly dependent on terrain, forest conditions, and quality of the work crew (Yoshioka et 
al. 2006).  This is an area of knowledge that demands new studies conducted over a variety of 
sites and forest conditions to give managers and operators better information on the most 
efficient harvesting systems to use (Watson et al. 1986; Bolding 2006).   
1.1 Aim and Specific Objectives 
The purpose of this study was to determine the effects of harvesting tops, in a whole tree 
system, and small diameter timber on the profitability and efficiency of a mechanized integrated 
harvesting system in Missouri forestlands using marginal and joint product cost analysis.  A 
whole tree (WT) harvest that extracted merchantable solid hardwood products (SHWP) along 
with their tops and a whole tree harvest that extracted merchantable SHWP with their tops and 
small diameter trees (WTSD) were compared to determine the effects that harvesting and 
extracting woody biomass material to the landing had on equipment productivity and operating 
costs.  The specific objectives of the study were to: 
- Estimate and compare the cost per green ton for all harvested material between the WT 
and WTDS harvest systems and the break-even costs for harvesting and extracting woody 
biomass to the landing. 
- Estimate the break-even cost per green ton of woody biomass when a chipper is 
integrated into the harvest system at the landing and determine the value that chipping 
adds to the woody biomass material. 
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- Conduct a sensitivity analysis to determine the effects of changes in fuel and stumpage 
costs, equipment purchasing price, and equipment utilization rates on the breakeven cost 
of woody biomass material at the landing. 
- Compare cost results found in this study to those found in previous studies; in particular 
compare to studies that were conducted in the Central region of the United States. 
- Evaluate equipment productivity and make recommendations on methods to increase 
harvesting efficiency and reduce the costs of harvesting and extracting woody biomass to 
the landing. 
Chapter 2. Methods 
2.1 Study Site Description 
The study site was located in Township 48N, Range 7W, Section 6 on the Missouri 
Department of Conservation’s (MDC) Whetstone Creek Conservation Area in Callaway county 
Missouri, United States (U.S.) (Figure 1).  The coordinates to the entrance of the harvest site 
were latitude 38.967012 and longitude -91.737444 in the NAD 1983 UTM Zone 15N coordinate 
system.  The harvest site was comprised of approximately 30 acres and was situated mainly on 
slopes with a north and easterly aspect (Figure 2).  Slopes ranged from 3% to 25% with an 
average slope of 10%.  The site was situated in the Central Missouri Oak Savanna/Woodland 
Dissected Plain, part of the Ozark Highlands ecological section and the Outer Ozark Border sub-
section (Nigh and Schroeder 2002).  Soils on the study site were part of the Goss-Gasconade 
Association and the Keswick-Lindley-Gorin Association. Soils mainly consisted of the Goss-
Gasconade-Rock outcrop complex and Lindley loam but also included Keswick loam and 
Landes loam soils (USDA 1992).  Past management history of the study area included the use of 
the land as pasture for cattle throughout most of the 1900s up to MDC’s purchase of the land in 
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1976 (Josh Stevens, pers. comm., MDC, January 2012, MDC 2012), see Appendix A for 
additional study site information.  
 
Figure 1. Study site location in relation to the state of Missouri 
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Figure 2. Study harvest area and topography 
A pre-harvest inventory was conducted to determine the silviculture prescription for the 
stand and to establish a baseline of what forest conditions were prior to treatment 
implementation.  Sixteen variable radius 10 factor prism plots were established to measure 
overstory stand conditions.  White oak (Quercus alba) was the predominant overstory species 
with black oak (Quercus velutina), northern red oak (Quercus rubra), maple species (Acer spp.), 
hickory species (Carya spp.), and other hardwoods present as well.  The stand averaged 123 trees 
per acre with an average diameter-at-breast-height (dbh) of 14 inches.  The stand was fully 
stocked at 95% and had a site index of 49 feet.  Average acceptable growing stock (AGS) basal 
area was 70 ft² per acre and average unacceptable growing stock (UGS) was 47 ft² per acre.  
Trees categorized as AGS were those that had a healthy vigorous crown and exhibited a straight 
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growth form.  UGS categorized trees exhibited poor growth form, defects on the stem of the tree, 
and suppressed or declining crowns, see Appendix B for a glossary of terms used in the paper.  
The average live tree basal area of the stand was 117 ft² per acre.  Figure 3 shows the diameter 
distribution of trees by species and the average number of trees per acre by diameter class and 
species.  In addition to the overstory sample plots, thirty two 1/20th acre fixed area understory 
plots and sixty four 1/1000th acre fixed area regeneration plots were also randomly measured.  
Understory plots consisted of trees that had a dbh of 1.5 to <5 inches.  Trees sampled in the 
understory plots consisted mainly of hickory species along with elm (Ulmus spp.), and eastern 
redbud (Cercis Canadensis), with other hardwoods present.  Trees measured in the regeneration 
plots were those that were <1.5 inches dbh or less than 4.5 feet in height.  White oak was the 
most abundant regeneration species observed; other species sampled included elm, ash (Fraxinus 
spp.), redbud, black oak, black cherry (Prunus serotina), and other hardwood species.  
 
Figure 3. Average number of trees per acre by diameter class and species 
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2.1.1 Silviculture Prescription 
 Given the relatively even-age structure of the stand a shelterwood harvest was selected in 
order to encourage a new cohort of trees to establish and move the stand towards an uneven-age 
structure (Table 1).  Approximately half of the stand basal area was targeted to be removed 
leaving a residual basal area of 60-65 ft² per acre.  Reducing the basal area allowed for additional 
sunlight to reach the forest floor.  Increased sunlight will facilitate the proliferation of oak 
seedlings and stump sprouts and encourage their advancement into the understory.  Trees 
selected to be removed were those that had poor form or crown development or exhibited 
symptoms of oak decline.  White oaks and red oaks with good bole and crown development were 
the most favored leave trees.  An additional benefit of removing approximately half of the basal 
area would be to reduce the amount of residual tree damage from whole tree extraction during 
the harvest.      
Table 1. Silviculture prescription by harvest treatment 
Treatment Prescription 
Basal 
Area 
Retention 
Number 
of Plots 
Area 
(acres) 
Conventional Shelterwood 65 ft² 3 16 
Integrated Shelterwood 65 ft² 3 14 
2.1.2 Project Layout 
 The study site was divided into six replication plots in order to allow comparison between 
the WT and WTSD harvest.  Three plots were randomly chosen as WT harvest plots and three as 
WTSD harvest plots using the random function in Microsoft Excel, (Figure 4).  The landing, 
where harvested material from both the WT and WTSD systems was decked and processed, was 
located in the field on the stand’s south border.  Skid trails going to the landing were kept as 
straight as possible to minimize residual damage during skid turns.  The logger cut trails to the 
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north boundary of the stand and then worked back to the landing.  Trees that had been marked to 
cut were used as turn trees to protect leave trees from being damaged.  When possible an old 
road in the stand was used in order to prevent further disturbance from the creation of additional 
skid trails. 
 
Figure 4. Harvesting system replication plots 
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2.2 Harvest System Data Collection 
2.2.1 Mechanized Harvesting System 
 A mechanized harvest system was used to conduct both the WT and WTSD harvest.  The 
system was comprised of a tracked feller-buncher with a hot saw, a rubber tired grapple skidder, 
and a loader with a delimber and log bucking table.  The feller-buncher cut and bunched trees 
which were skidded to the landing by the grapple skidder.  The skidder either carried the bunch 
directly to the loader for processing or decked the logs in the field if the loader was not operating 
to process the trees.  The loader de-limbed and topped trees and sorted logs by product class.  
Product classes consisted of stave logs, tie logs, blocking, firewood, and biomass.  The loader 
loaded the log truck which hauled the material to different locations depending on the product 
class, see Figure 5.   
 Tops and small diameter trees were cold decked on the landing to be processed after the 
harvest was completed.  Cold decking is a method of stacking material on the landing to be 
removed at a later time (Hartsough et al. 1995, OSHA 2012).  Material was processed by a 
horizontal grinder either directly into a truck or on the ground to be loaded at a later time.  
Material was fed into the grinder by a trackhoe with a bucket.  A front end loader was used to 
load material onto the truck when the material was not directly dispensed into the truck by the 
grinder.  
2.2.2 Data Collection: Harvest Yields and Revenues 
 To determine the amount of material in tons produced by each replication plot, the U. S. 
Forest Service’s TWIGS Central States volume equations were used to determine net cubic foot 
volume of SHWP and weight of biomass in green tons, defined as 2000 lbs. of material weight 
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that has not been adjusted for moisture content (USDA 2007).  Tree data was based off of the 
pre-harvest marking inventory where the dbh and species of each tree to be harvested was 
recorded to a minimum dbh of five inches.  The TWIGS criteria for SHWP included trees that 
had a minimum dbh of five inches down to a four inch diameter top (Miner et al. 1988).  Tops 
that had a diameter less than four inches and limbs were categorized as residue or biomass 
(Miner et al. 1988).  The TWIGS equations calculate the net cubic foot volume of SHWP and the 
weight of residue material in tons; see Appendix C for TWIGS equations.  In order to compare 
the cost per ton of biomass to SHWP, the net cubic foot volume of SHWP was converted to 
pounds (lbs) following Smith (1985) to calculate the green weight in lbs of a cubic foot of wood.  
To determine the weight of SHWP in tons that were harvested from a replication plot the total 
weight in lbs of SHWP from trees that had a dbh greater than seven inches was summed and 
divided by 2000.  To determine the amount of biomass in tons that were harvested from a 
replication plot, the residue weight in tons of trees that had a dbh greater than seven inches was 
summed plus, the total weight (SHWP + residue) in tons of trees that were seven inches dbh or 
less. 
2.2.3 Data Collection: Time-in-Motion  
Data was gathered on each piece of equipment during the harvest both by data collectors that 
were attached to the equipment and by personnel monitoring the equipment.  Up to three 
personnel were used during a work day to gather data on the equipment.  Two personnel were 
required to collect data on the skidder, one stationed at the landing where the skidder dropped the 
log bundle and one stationed in the woods where the skidder picked up the log bundle.  Only one 
person was necessary to collect data on the feller-buncher and the loader.  Data collected by 
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personnel were recorded onto sheets that were designed for each individual piece of equipment.  
See Appendix D for data collection sheets.   
 A MultiDAT data collection hardware system was attached to both the feller-buncher and 
the skidder throughout the duration of the harvest.  MultiDAT has the ability to track the total 
distance traveled by a piece of equipment and to take GPS waypoints of the equipment’s location 
during the operation (GENEQ 2011).  This allows for total monitoring of each piece of 
equipment during the harvest instead of having to rely solely on data collected by observers.  In 
addition to tracking the distance traveled, MultiDAT gives the ability to identify bottlenecks and 
delays in the system.  This is done by programming the MultiDAT to take a waypoint every 3 
seconds to show the location of where the equipment was forced to become stationary. 
 A Yellow Activity Monitoring System or “Yellow Box” was also attached to the feller-
buncher and skidder as well as the loader and chipper for the duration of the harvest.  The 
Yellow Box has the ability to monitor the time that a piece of equipment is in operation by 
detecting vibrations given by the equipment when it is running (KED 2011).  This data gives the 
time that the machine is in actual operation; known as productive machine hours (PMH).  
 To supplement the data collected by the MultiDAT and Yellow Box, time-in-motion data 
was collected by field workers on the skidder using methods used in previous studies (Kluender 
et al. 2007; Lowell et al. 2008; Pan et al. 2008; and Chris LeDoux, pers. comm., USFS, February 
2011).  To determine skidder cycle time, two workers tracked the skidder in the woods and at the 
landing using continuous timing. A skidder cycle began when the skidder exited the landing to 
go and pick up a bunch in the woods and ended when the skidder exited the landing to go and 
pick up the next bunch.  The data collector on the landing recorded when the skidder exited the 
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landing re-entered the landing, dropped the bundle, and left the landing and delays while on the 
landing.  This gave the total skidder cycle time and the time spent at the landing.  Data collected 
in the woods consisted of number of stems per bunch, the dbh of each stem, and an estimate of 
the percentage of the volume removed if the tree had to be topped in order to prevent excessive 
residual damage.  This data was collected in order to estimate the volume in tons per skidder 
cycle using the TWIGS volume equation developed for the Central states.  In addition to cycle 
volume estimation, the data was also used to estimate the percentage of time that the skidder 
dedicated to handling small diameter trees.  Cycle time was proportioned between the SHWP 
material and the biomass material based on the percentage of the cycle volume that consisted of 
SHWP material or biomass.  This is based on the assumption that it takes an equal amount of 
time to skid biomass and SHWP trees to the landing (Saunders et al. 2012). The time that a piece 
of equipment dedicates to handling biomass material is referred to as %biomass in this study.  
The %biomass estimation is important because this percentage is used to allocate equipment 
costs to the biomass (Saunders et al.2012).  The data collector also recorded delays that occurred 
in-woods.  Skidding distance for each cycle was estimated using the MultiDAT GPS tracking 
system.  Average percent slope of the cycle was determined by estimating the distance of 
different slopes along the skidder path and calculating a weighted average slope.   
2.2.4 Activity Sampling 
 Activity sampling was used to collect data on the feller-buncher, and loader.  Taking 
activity samples allows for the percentage of time spent performing different tasks by the 
machine or individual to be estimated for the work day (Olsen and Kellogg 1983).  Continuous 
activity sampling was taken at 30 second intervals for the loader and 10 second intervals for the 
feller-buncher to capture delays and variances in equipment output throughout the day (Saunders 
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et al. 2012).  At the end of each interval the observer recorded the activity being performed by 
the machine at that time.  The number of observations for each individual activity was then 
summed together and divided by the total number of samples taken over each hour period and for 
the entire workday.  This gave an estimate of the percent of time spent performing different 
activities during a work day. This sampling method was utilized by Westbrook et al. (2007) and 
Bolding et al. (2009) among others. 
 Feller-buncher activities were categorized as cutting (including the merchantability class 
of the material being cut), dropping a tree, moving to cut, and delay time and type of delay.  
Delay types were categorized as mechanical delays, delays for maintenance work, and operator 
delay, i.e. taking a bathroom break.  Loader activities were categorized as processing trees, 
stacking sawlogs, stacking firewood, stacking biomass, loading sawlogs, loading firewood, and 
delay time and reason.  Delays for the loader were categorized the same as for the feller-buncher.  
As with the skidder the percentage of time spent handling biomass material or %biomass that 
was estimated by the activity sampling was used to distribute harvesting costs between the 
biomass and the SHWP.     
2.2.5 Joint Product Cost Analysis 
   A joint product cost analysis was used in order to separate the costs and revenues 
associated with harvesting biomass and the SHWP.  A joint product cost analysis was chosen due 
to the fact that the SHWP and the biomass undergo the exact same harvest process 
simultaneously up to the point that the loader separates the products at the landing known as the 
“split-off point” (Lorig 1955; Horngren, 1982).  Once the products have been separated any 
further costs can be identified for each individual product and treated as a marginal cost (Bragg 
2001).  A joint product cost analysis is necessary for the small diameter biomass trees due to the 
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fact that the equipment has to expend additional time in order to harvest and process the material.  
A joint product cost approach was taken by previous integrated studies where SHWP and small 
diameter biomass trees were harvested simultaneously including Watson et al. (1987), Bolding et 
al. (2009), and Saunders et al. (2012).  Tops of SHWP trees in the WT and WTSD systems were 
treated as by-products of the SHWP coming to the landing without a cost until they were 
separated from the SHWP at the landing.  Treating tops as a by-product of the SHWP is in 
agreement with methods used and recommended by Miller et al. (1987) and Tom Gallagher, 
pers. comm., University of Auburn, (July 2012).           
2.2.6 Video Sampling 
To supplement the data for the feller-buncher, 133 sample trees were measured for height 
and dbh prior to being cut.  Each tree sampled was marked with a number for identification.  
Videos were then recorded of these sample trees being harvested. The videos were then analyzed 
to determine the time to cut and drop each sample tree in order to establish productivity 
equations in relation to tree diameter for the feller-buncher (Chris LeDoux, pers. comm., USFS, 
February 2011). 
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Figure 5. Harvest steps and data collection activities during harvest 
2.3 Cost Structure Analysis 
2.3.1 Fixed Costs 
 Fixed costs (FC) are those costs which remain constant regardless of the level of output 
from the operation (Miyata 1980; Klemperer 1996).  These costs, also known as ownership or 
overhead costs include depreciation, interest, insurance, and taxes (Brinker et al. 2002).  In order 
to calculate these costs the purchase price and salvage value of the equipment is needed as well 
as the economic lifespan of the equipment (Miyata 1980). Cost values were acquired from the 
logger or were estimated from previous studies.  These values were entered into the U.S. Forest 
Service’s General Ground-based Harvesting System Analysis model to calculate fixed costs for 
one year (USDA n.d.).  The fixed costs were then distributed over the scheduled machine hours 
(SMH) for each piece of equipment. The formula used by the General Ground-based Harvesting 
System Analysis model to calculate fixed costs per scheduled machine hour are shown by 
 
Feller-buncher harvests marked timber 
• Activity sampling data collected  
• Video sampling data collected 
 
Skidder hauls bundles to the landing 
• Time-in-motion data collected 
 
Loader processes trees and loads truck 
• Activity sampling data collected 
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Equation 1.  For the purposes of the study SMH were assumed to be 2000 hours for one year 
(Miyata 1980; Brinker et al. 2002).  In regards to taxes, logging equipment is normally tax 
exempt; hence, no taxes were included in this study (Miyata 1980; Brinker et al. 2002).  A 
salvage value of 80% was chosen due to the fact that the equipment was used and would not 
depreciate as quickly in value as new equipment.  Salvage values from the U.S. Forest Service’s 
Machine Rate Calculator demonstrate that the majority of equipment depreciation occurs during 
the equipment’s first ten years.  After ten years of use the rate of depreciation decreases (USFS 
2007).  An interest rate of 5% was chosen in order to reflect low capital costs that were observed 
at the time of the harvest (Saunders et al. 2012).  Insurance and purchase prices of each piece of 
equipment were gathered from the logger.  See subsection 3.4.1, Table 5 for SMH costs for each 
individual piece of equipment.   
Equation 1:  
  
   
 
 (                           ))                        
                                        )                 ) 
        
 
Where:  
FC = fixed costs 
SMH = scheduled machine hours (yearly),  
Salvage % = 80% 
Interest Rate = 5% 
Equation 1.1 
19 
 
                         
                               ) 
                 )   )
 
Where: 
Interest Rate = 5% 
n = equipment life in years = 5 years 
The capital recovery factor was used by the model as a financial multiplier.  Capital recovery is 
the terminating equal annual revenue payment that is necessary to justify paying an initial 
investment given a certain rate of return (Klemperer 2003).  
Also included in fixed costs for this logging harvest are labor and stumpage costs.  Labor 
costs were assumed to be paid on a SMH basis in the General Harvesting model (USFS n.d.).  
During this harvest the skidder driver was paid at an hourly rate of $12 and the loader operator 
$15.  The owner of the logging company was the feller-buncher operator and, although he did 
not pay himself an hourly wage, an hourly wage of $15 was assumed for the feller-buncher 
operator. Employee benefits were assumed at 30%, the default of the General Harvesting model 
(Table 5 subsection 3.4.1).  Stumpage rates for the SHWP were assumed to be $65 per thousand 
board feet for sawlogs, (MDC 2011) and $5 per ton of firewood.  All costs for SHWP were 
converted to a per ton basis and included $8.51 per ton of SHWP in the WT harvest plots and 
$8.31 per ton of SHWP in the WTSD harvest. The cost of small diameter woody biomass trees 
was assumed to be $5 per ton.  This cost represented the opportunity cost of not marketing the 
small diameter trees for pulpwood that was observed by Saunders et al. 2012. A cost of $5 per 
ton was also assumed for tops (see Table 8, subsection 3.4.1).    
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2.3.2 Variable Costs 
 Variable costs (VC), also known as operating costs, are a product of the actual operation 
of the machine. The more a machine is in operation the higher the operating costs (Brinker et al. 
2002).  Variable costs include fuel consumption, lubrication, repair and maintenance, and wages 
(Miyata 1980; Brinker et al. 2002).  Values were placed into the General Ground-based 
Harvesting System Analysis model to yield a cost per productive machine hour (PMH) for 
harvesting equipment (USFS n.d.). The formula used by the General Harvesting model to 
calculate variable cost per productive machine hour is shown by Equation 2.  Variables, such as 
horsepower, fuel consumption, annual repair and maintenance, and tire cost, were obtained from 
the logger.  An average fuel price and oil price for the time period of the harvest was used for the 
cost of fuel and oil.  Repair and maintenance was calculated as a percentage of the depreciation 
value.  Equipment utilization rates were calculated by dividing PMH observed by SMH.  
Monthly miscellaneous operating costs and oil use were estimated for each piece of equipment.   
Equation 2: 
  
   
                                                     
            
        
 
                           
     
     
                 
 
         
         
 
Where: 
R&M = % of depreciation 
4.3 = Assumed number of weeks in a month 
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2.3.3 Data Analysis Software 
The U.S. Forest Service’s General Ground-based Harvesting System Analysis model was 
used to determine fixed cost per SMH and variable cost per PMH for all harvest equipment.  
Data collected by the MultiDAT was analyzed using the MultiDAT 5.1.3 software to determine 
PMHs for the feller-buncher and skidder.  Waypoints collected by the MultiDAT were analyzed 
in ArcGIS 9.3.1 to determine total skidder cycle distances and delay times and time spent by the 
equipment in each replication plot.  Yellow Box data was analyzed using the Yellow Activity 
Monitoring System 2.7.11.4 to determine the PMHs of the loader and supplement the PMH times 
collected by the MultiDAT for the skidder and feller-buncher.  All data collected, including time-
in-motion, activity sample, and video sample data were entered into Microsoft Excel to 
determine cost per ton, breakeven price, work day activity proportions, and to build spreadsheets 
for skidder and feller-buncher regression analysis.  Microsoft Excel was also used to conduct the 
sensitivity analysis for the effects of changes in costs and equipment utilization rates on 
harvesting costs.  The statistical software package SAS 9.2 was used to conduct an ordinary least 
squares regression analysis of feller buncher productivity recorded in the video analysis and 
ANOVA to detect statistical differences between treatments for harvest yields , equipment 
productivity, and differences in residual damage.  STATA 10.0 was used to conduct a log(ln)-
log(ln) regression analysis of the effects of travel distance, bundle weight, weighted average 
slope, and time spent building a larger bundle out of two smaller bundles on the cycle time of the 
grapple skidder.    
2.3.4 Breakeven Costs 
 In order to justify a harvest, a logging operation must be able to receive as much money 
from the harvest as it invests into it, or breakeven, where the production costs per unit of product 
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does not exceed the revenue received per unit of product (LeDoux 1984).  For the purposes of 
this study a breakeven analysis was conducted for the SHWP and woody biomass for both 
treatment types. To determine a breakeven price the FC and VC cost per ton for each individual 
piece of equipment was calculated and summed to yield a total equipment cost for each piece of 
equipment.  Equations 3 and 4 were used to estimate the FC per ton of SHWP.  Equation 3 
estimated the average tons of SHWP harvested per SMH.  Equation 4 estimated the FC incurred 
per ton of SHWP harvested.  Equations 5 and 6 estimated the FC per ton of woody biomass in 
the same manner as Equations 3 and 4 estimated FC per ton for the SHWP.   
Equation 3: 
              
         
               )
 
 
Where % of biomass is an estimate of each individual machines time spent handling woody 
biomass material    
Equation 4: 
          ⁄  
        
             
 
 
Equation 5: 
               
           
            
⁄  
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Equation 6: 
             
        
               
⁄  
Equations 7 through 10 were used to estimate the VC per ton of material harvested in the same 
manner Equations 3 through 6 were used to estimate FC per ton of material harvested.  Equations 
7 and 8 were used to estimate the VC per ton of SHWP harvested and Equations 9 and 10 were 
used to estimate the VC per ton of woody biomass harvested. 
Equation 7: 
             
         
               )
⁄  
Equation 8: 
           
        
             
⁄  
Equation 9: 
               
           
            
⁄  
Equation 10: 
             
        
               
⁄  
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The total equipment cost per ton for each individual piece of equipment was summed to yield a 
total equipment cost per ton of material for the entire equipment suite.  The stumpage cost per 
ton was also included to yield a total cost per ton of material. 
2.3.5 Marginal Cost 
 Marginal cost (MC) normally refers to the additional cost per unit of output or the change 
in cost if one more unit of output is produced (Klemperer 1996; Perloff 2008).  Marginal cost 
analysis is important because it helps a business determine whether increasing its production or 
output would be profitable or not (Perloff 2008).  Since marginal cost pertains to costs generated 
by an additional unit of output the only costs that change are variable costs in relation to the 
number of additional units of output (Perloff 2008).  Therefore, a marginal cost equation can be 
represented by the change in variable cost or differentiating the variable cost with respect to 
output (Perloff 2008).   
Equation 11.  
    
     )
  
  
q = number of units of output, i.e. tons of SHWP 
In a timber harvest the marginal cost of producing an additional unit of output or ton of 
product is determined by summing the variable costs of each piece of harvest equipment.  The 
variable cost function of a piece of equipment to produce one ton of output is based on the 
productivity or time that it takes that piece of equipment to produce one ton of output (Perloff 
2008).  To determine the time that it takes a piece of equipment to produce one ton of output the 
total amount of tons of that material produced is divided by the PMH spent harvesting the 
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material to give an average amount of tons per PMH.  The variable costs per PMH are then 
divided by the average number of tons produced per PMH to yield an average variable cost per 
ton of material.  These are the steps taken by Equations 7-10 in sub-section 2.3.4 which yield the 
variable cost per ton of material produced.  These equations represent the average marginal cost 
(AMC) that is incurred when an additional ton of material is produced.   
In addition to determining the average marginal cost per ton of material for each harvest 
system, the marginal cost of producing a ton of small diameter timber can be estimated between 
the two harvesting systems.  This is accomplished by determining the difference between the 
total harvest variable costs per ton between the two systems.  Equation 12 yields the total 
variable costs per ton that are incurred for the WT system’s harvesting equipment.  Equation 13 
yields the total variable costs per ton that are incurred for the WTSD system’s harvesting 
equipment. 
Equation 12.   
     
  
        
 
   
           
 
Where: 
     = whole tree system variable costs per ton 
Equation 13. 
       
  
        
 
  
           
 
Where: 
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       = whole tree plus small diameter tree system variable costs per ton 
Equation 14 yields the average marginal cost or, change in average variable costs, of the 
harvesting equipment taking additional steps to harvest small diameter woody biomass trees.    
Equation 14. 
                    
Where: 
        = the additional cost of producing a ton of small diameter biomass trees 
2.4 Residual Damage 
 In order to determine if there were significant differences in residual damage caused by 
the harvesting operations from the two treatments, data was collected on damaged trees after the 
harvest was completed.  Random fixed area plots were taken in each of the replication plots to 
estimate the percentage of residual damage.  A total of 23 1/10th acre sample plots were taken in 
the WT harvest plots and 27 1/10th acre plots were taken in the WTSD harvest plots.  
Information collected on each overstory tree in the sample plot included tree species, dbh, 
percentage of crown damage, the length and width of damaged areas on the trees stem, the 
source of the damage, i.e. feller-buncher or skidder, and whether the tree had been marked to cut 
or not.  From this sampling the percentage of trees per acre that had any type of damage was 
estimated.  Also estimated was the number of trees per acre that had crown damage greater than 
25% or crown damage in addition to damage on the stem of the tree.   
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Chapter 3. Harvest Results 
3.1 Harvest Yields 
 A total of 358.2 tons of SHWP and 132.6 tons of tops were harvested from the WT 
harvest plots.  This resulted in an average of 25.6 tons of SHWP and 9.5 tons of tops removed 
per acre with an overall average of 35.1 tons harvested per acre.  In the WTSD harvest plots a 
total of 418.2 tons of SHWP and 165.6 tons of biomass was harvested.  Of the biomass harvested 
in the WTSD plots 11.6 tons were small diameter trees and 154 tons were tops.  WTSD plots 
produced on average 26.1 tons of SHWP and 10.4 tons of biomass removed per acre and an 
overall average of 36.5 tons of material removed per acre.  Table 2 shows the average yield per 
acre for each replication plot and the standard deviation between replication plot yields.  
Table 2. Product yield in tons per acre by replication plot 
Harvest 
System 
SHWP Avg. 
Ton/Acre 
Harvest 
Yields Std. 
Dev. 
Small 
Diameter 
Trees Avg. 
Ton/Acre 
Harvest 
Yields Std. 
Dev. 
WT 25.6 5.9 0.0 0.0 
WTSD 26.1 3.9 0.7 0.2 
 
Note:  All references to tons are green tons calculated as short tons which are equal to 0.9072 
metric tons. 
3.2 Equipment Productivity 
 Using information gathered by the MultiDAT, SMH and PMH were determined for the 
feller-buncher and the skidder in both the WT and WTSD harvest plots. The harvest extended 
over a time period of approximately four weeks.  During this time period only one day of rain 
delay was experienced.  The majority of the harvest occurred under dry working conditions.  The 
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time frame that it took the feller-buncher to harvest the WT harvest plots equated to a period of 
88 SMH.  During this time period the feller-buncher operated a total of 25.2 PMH.  The time 
frame that it took the feller-buncher to harvest the WTSD harvest plots equated to a period of 99 
SMH hours with 31.7 PMH being observed. Feller-buncher utilization rates were 29% in the WT 
plots and 32% in the WTSD plots.  In both the WT and WTSD harvest plots the majority of the 
feller-buncher’s PMH time was spent moving to cut marked material.  This activity accounted 
for 61% of the equipment’s productive time in the WT harvest plots and 60% in the WTSD 
harvest plots (Figures 6 and 7).  Dropping SHWP after it was cut accounted for the next most 
observed activity for both harvesting systems, followed by delay time and cutting SHWPs.  In 
the WTSD harvest plots approximately 3% of the feller-buncher’s total PMH was spent either 
cutting or dropping biomass (Figures 4 and 5).  
 
 Figure 6. Feller-buncher PMH activity proportions in WT harvest plots 
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Figure 7. Feller-buncher PMH activity proportions in the WTSD harvest plots 
 The skidder spent a total of 97 SMH in the WT harvest plots and 111 SMH in the WTSD 
harvest plots.  A total of 69.4 PMH were observed in the WT plots and 65.0 PMH in the WTSD 
plots.  Skidder utilization rates were 72% in the WT plots and 59% in the WTSD plots.   
 The loader was on the harvest site over a time period of 182 SMH and operated a total of 
99.1 PMH during this time period equating to a utilization rate of 54%.  In some cases, materials 
from both the WT and WTSD harvests were handled by the loader at the same time during the 
work day.  Thus, it was difficult to assign a specific time spent handling products from the two 
different harvest types.  The loader spent approximately 30% of its productive time delimbing 
SHWPs.  Both bucking SHWPs and loading SHWPs onto the log truck accounted for 20% of the 
loader’s productive time.  The loader spent 11% of productive time stacking SHWPs on the 
landing and 4% of productive time stacking biomass on the landing.  Delays by the loader 
accounted for 12% of observations during activity sampling and delays due to waiting on the 
skidder accounted for 3% of observations during activity sampling (See Figure 8).     
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Figure 8. Loader PMH activity proportions during the harvest 
3.3 ANOVA Tests of Treatment Yields and Productivity 
Average harvest yields per acre determined by the TWIGS equations were compared in SAS 
9.2 with an ANOVA using a 95% confidence interval. A comparison was made between the 
average tons of SHWP removed per acre and a total average amount of SHWP and small 
diameter woody biomass trees removed per acre, including SHWP in the WT treatment and 
(SHWP + small diameter trees) in the WTSD treatment, see Table 3. 
Table 3. Comparison between the average tons per acre of material removed per treatment  
Treatment 
Comparisons 
Degrees 
of 
Freedom 
F- 
Value p- Value 
SHWP Yields/Acre 5 0.00 0.999 
Total Yields/Acre 5 0.02 0.894 
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As indicated by p- values greater than 0.05 in Table 3 no statistical difference was observed in 
the average tons of SHWP produced between the two treatments or between the comparison of 
the total amount of SHWP removed in the WT treatment and the total amount of SHWP and 
small diameter woody biomass trees in the WTSD treatment. 
 Comparisons of the productivity between the two treatments included comparing the 
average number of PMH per acre and the average number of PMH per ton of SHWP and the 
average number of PMH per ton of (SHWP + small diameter trees) harvested between the feller-
buncher and the skidder, see Table 4. 
Table 4. Comparison of feller-buncher and skidder productivity between treatments 
Treatment 
Comparisons 
Feller-buncher 
Comparison 
Skidder 
Comparison 
F- 
Value p- Value 
F- 
Value p- Value 
PMH/Acre 0.11 0.760 1.38 0.306 
Tons of 
SHWP/PMH 0.68 0.456 0.73 0.441 
Total Tons/PMH 0.42 0.553 0.87 0.403 
 
As shown in Table 4 p- values greater than 0.05 indicate that there is no statistical difference 
between the productivity of the feller-buncher and the skidder between the WT and WTSD 
treatments.  Since the loader handled material from both treatments at the same time it was 
difficult to determine its productivity in relation to each treatment, therefore, it was assumed that 
there was no significant difference in the productivity of the loader between the treatments.  The 
ANOVA indicates that differences in the cost of harvesting between the WT and WTSD 
treatments would not be due to differences in the amount of material that was marked to be 
harvested since there was no statistical difference between the average tons of material per acre 
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between the two treatments.  Since there was no statistical difference between the productivity of 
the equipment in the treatments, the differences in cost between the two harvesting systems are 
most likely attributed to differences in equipment utilization in the two systems, and travel 
distance to the landing (Saunders et al. 2012).       
3.4 Harvest Costs 
3.4.1 Fixed Costs 
 Entering the cost information discussed in subsection 3.3.1into the General Harvester 
model a cost per SMH for each piece of equipment was calculated. Table 5 shows the owning 
cost per SMH for each piece of equipment in the harvest system.     
Table 5. General Ground-based Harvesting System Analysis model SMH costs 
General Ground-based 
Harvesting System 
Analysis model 
Feller-
buncher Skidder Loader 
John Deere 
753G 
Timberjack 
460 
Timberjack 
530 
Purchase Price $ 
(without tires)  125,000 45,000 35,000 
SMH/year 2,000 2,000 2,000 
Life (years) 5 5 5 
Salvage (% of new) 80 80 80 
Insurance ($/year) 4,000 3,000 3,000 
Taxes and tags 0 0 0 
Depreciation ($/year) 5,000 1,800 1,400 
Capital Recovery 
Factor 0.231 0.231 0.231 
Basic labor rate 
($/hour) 15 12 15 
Benefits (% of base)  30 30 30 
Owning Costs $/SMH 7.39 3.44 3.01 
Labor costs ($/SMH) 19.50 15.60 19.50 
(Owning + Labor cost) 
Total ($/SMH) 26.89 19.04 22.51 
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Multiplying the number of SMH times the cost per SMH for each piece of equipment yields the 
total fixed costs for each piece of equipment during the harvest displayed in Table 6. 
Table 6. Total SMH costs per equipment piece 
Equipment Harvest SMH Total SMH Cost ($) 
Feller-buncher Conventional 88 2366 
Skidder  Conventional 97 1847 
Feller-buncher Integrated 99 2662 
Skidder  Integrated 111 2113 
Loader Both 182 4097 
 
 Using equations 3-6 the fixed costs per ton of material harvested were calculated for both 
the WT and WTSD harvest systems (Table 7). 
Table 7. Equipment fixed cost per ton of material harvested 
  
WT Harvest WTSD Harvest 
Fixed Cost per Ton ($) Fixed Cost per Ton ($) 
Product SHWP Biomass SHWP Biomass 
Feller-buncher 6.59 0 6.15 0.48 
Skidder 5.15 0 4.49 1.42 
Loader 5.07 0.55 5.07 0.55 
Total Cost ($) 16.81 0.55 15.71 2.45 
 
Applying the stumpage cost per ton a total fixed cost per ton of material was calculated (Table 
8). 
Table 8. Total fixed cost per ton for WT and WTSD harvest plots 
WT Harvest WTSD Harvest 
Fixed Cost per ton Fixed Cost per ton 
Product SHWP Biomass Product SHWP Biomass 
Equipment and Labor ($) 16.81 0.55 Equipment and Labor ($) 15.71 2.45 
Stumpage ($)  8.51 5.00 Stumpage ($)  8.31 5.00 
Total Costs ($) 25.32 5.55 Total Costs ($) 24.02 7.45 
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3.4.2 Variable Costs 
 To determine equipment variable costs, horsepower, fuel consumption, annual repair and 
maintenance, tire cost, and the labor rate for the skidder driver were obtained from the logger and 
were entered into the General Ground-based Harvesting System Analysis model.  Oil use figures 
were the default values of the model.  Variable costs per PMH were different between the 
conventional and integrated harvesting systems due to differences in feller-buncher and skidder 
utilization rates, see Tables 9 and 10.  
Table 9. General Ground-based Harvesting System Analysis model PMH costs – WT 
Harvest System 
General Ground-based 
Harvesting System 
Analysis model 
Feller-
buncher Skidder Loader 
John Deere 
753G 
Timberjack 
460 
Timberjack 
530 
Horsepower 235 195 200 
Fuel Consumption 
(gallons/horsepower-
hour) 0.026 0.015 0.015 
Daily Fuel Use 
(gallons) 48 24 24 
Oil use (gallons/hour) 0.20 0.10 0.15 
Monthly Oil Use 
(gallons) 26 12 23 
R&M (% of 
depreciation) 140 361 464 
Annual Repair & 
Maintenance ($) 7,000 6,500 6,500 
Tire Cost ($)    14,400   
Tire Life (hours)    2,000   
Miscellaneous 
operations ($/month) 150 150 150 
Base Utilization % 29 72 54 
Variable costs 
($/PMH) $28.71 $22.20 $16.05 
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Table 10. General Ground-based Harvesting System Analysis model PMH costs – WTSD 
Harvest System 
General Ground-based 
Harvesting System 
Analysis model 
Feller-
buncher Skidder Loader 
John Deere 
753G 
Timberjack 
460 
Timberjack 
530 
Horsepower 235 195 200 
Fuel Consumption 
(gallons/horsepower-
hour) 0.026 0.015 0.015 
Daily Fuel Use 
(gallons) 48 24 24 
Oil use (gallons/hour) 0.20 0.10 0.15 
Monthly Oil Use 
(gallons) 26 12 23 
R&M (% of 
depreciation) 140 361 464 
Annual Repair & 
Maintenance ($) 7,000 6,500 6,500 
Tire Cost ($)    14,400   
Tire Life (hours)    2,000   
Miscellaneous 
operations ($/month) 150 150 150 
Base Utilization % 32 59 54 
Variable costs 
($/PMH) $28.43 $22.47 $16.05 
 
Multiplying the number of PMH for each piece of equipment by the cost per PMH yields a total 
variable cost for each piece of equipment (Table 11). 
Table 11. Total PMH costs per equipment piece. 
Equipment Harvest PMH Total PMH Cost ($) 
Feller-buncher WT 25.2 724 
Skidder  WT 69.4 1540 
Feller-buncher WTSD 31.7 901 
Skidder  WTSD 65.0 1461 
Loader Both 99.1 1591 
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 Using cost equations 7-10 the variable costs per ton of SHWP and biomass were 
calculated for each piece of equipment (Table 12). 
Table 12. Variable costs per ton of material harvested 
WT Harvest WTSD Harvest 
Variable Cost per Ton  Variable Cost per Ton  
Product SHWP Biomass SHWP Biomass 
Feller-buncher 2.02 0 2.09 0.16 
Skidder 4.30 0 3.1 0.98 
Loader 3.61 0.21 3.61 0.21 
Total Cost ($) 9.93 0.21 8.8 1.35 
 
3.4.3 Breakeven Cost 
 To determine the break-even cost for each product in the WT and WTSD harvest plots 
the total of the fixed and variable costs were added together.  In the WT plots a total cost of 
$35.25 per ton of SHWP and $5.76 per ton of biomass was incurred in order to bring and process 
the material at the landing.  This means that the logger would have to receive $35.25 per ton for 
SHWP and $5.76 per ton for biomass in order to recoup the costs of harvesting the material and 
processing it at the landing, see Table 13. 
Table 13. Total harvest cost per ton of material in the WT plots 
WT Harvest 
  Cost per Ton of SHWP Cost per Ton of Biomass 
Costs 
Fixed 
Cost 
Variable 
Cost 
Total Cost 
($) 
Fixed 
Cost 
Variable 
Cost 
Total Cost 
($) 
Feller-
buncher 6.59 2.02 8.61 0 0 0 
Skidder 5.15 4.3 9.45 0 0 0 
Loader 5.07 3.61 8.68 0.55 0.21 0.76 
Stumpage 8.51 0 8.51 5 0 5 
Total Cost 
($) 25.32 9.93 35.25 5.55 0.21 5.76 
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In the WTSD harvest the SHWP had a break-even price of $32.82 per ton the biomass material 
required a break-even price of $8.81 per ton delivered to the landing, see Table 14.  Observed 
revenue for the unprocessed biomass material was $9.00 per ton at the landing.  This indicates a 
profit of $3.24 per ton for biomass from the WT system and $0.19 per from the WTSD system 
before taking into account the costs of overhead and travel to and from the harvest site.     
Table 14. Total harvest cost per ton of material in the WTSD plots 
  WTSD Harvest 
  Cost per Ton of SHWP Cost per Ton of Biomass 
Costs 
Fixed 
Cost 
Variable 
Cost 
Total 
Cost ($) 
Fixed 
Cost 
Variable 
Cost 
Total 
Cost ($) 
Feller-
buncher 6.15 2.09 8.24 0.48 0.16 0.64 
Skidder 4.49 3.10 7.59 1.42 0.98         2.40 
Loader 5.07 3.61 8.68 0.55 0.21 0.76 
Stumpage 8.31 0.00 8.31 5.00 0.00 5.00 
Total Cost 
($) 24.02 8.80 32.82 7.45 1.35 8.81 
 
3.4.4 Marginal Cost Analysis 
 The total PMH and total tons of material harvested for each treatment was used to 
determine the AMC that it took each piece of equipment to produce an additional ton of material 
using Equations 7-10, see Table 15. 
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Table 15. Marginal cost of harvesting an additional ton of material for individual 
equipment    
  
WT WTSD 
SHWP Biomass SHWP Biomass 
Equipment  $MC/ton $MC/ton $MC/ton $MC/ton 
Feller-
buncher 5.39 0 5.37 0.16 
Skidder 6.95 0 5.88 0.98 
Loader 4.95 0.21 4.95 0.21 
Total 17.29 0.21 16.20 1.35 
 
As shown in Table 15 the AMC for harvesting an additional ton of SHWP in the WT 
system is $17.29 and $0.21for harvesting and additional ton of biomass for the entire equipment 
suite.  The AMC in the WTSD system for SHWP is $16.20 and $1.35 for the biomass.  Using 
Equation 14 the additional cost of producing a ton of small diameter biomass trees between the 
two harvesting systems is $0.05 per ton produced. 
3.4.5 Integration of a Chipper 
 In a study conducted in the Ozarks by Saunders et al. (2012), the cost of integrating a 
chipper into the harvesting systems was analyzed.  Saunders et al. (2012) found that integrating a 
chipper into the system increased the cost total cost of harvesting biomass by $5.35 per ton.  
Since the chipper is only used to handle biomass no costs are incurred by the SHWP (Saunders et 
al. 2012). Adding the cost of a chipper to the total cost of harvesting biomass in the WT harvest 
would produce a total cost and a break-even cost at the landing of $11.11 per ton.  Integrating a 
chipper into the WTSD harvest would produce a total cost and a break-even cost at the landing 
of $14.16 per ton.   
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3.4.6 Sensitivity Analysis 
 A sensitivity analysis was conducted to examine the effects of changes in fuel, stumpage, 
and equipment purchasing costs, as well as changes in equipment utilization rates on the cost per 
ton of material harvested.  In the analysis all other costs were assumed to stay the same and only 
the cost being examined was changed.  The original cost was decreased by a total of 50% and 
increased by a total of 100% at 10% increments.  Equipment suite utilization rates were 
decreased down to 10% and increased to 90% at 10% increments.  The change in the total cost 
per ton of harvesting the material was recorded for the changes in the cost for fuel, purchasing 
price, stumpage costs, and equipment utilization rates, see Figures 9-12. 
- Fuel cost sensitivity on WT system 
 For the duration of the harvest off-road diesel prices were at an average of $3.33 a gallon.  
A 50% decrease in fuel prices from $3.33 down to $1.67 reduced the total cost of harvesting 
SHWP in the WT harvest system from $35.25 per ton to $32.46 per ton, a decrease in the total 
harvesting cost of $2.79 per ton.  This represents an 8% decrease in the total harvesting cost.  A 
100% increase in fuel costs from $3.33 to $6.66 increased the total cost of harvesting SHWP 
from $35.25 per ton to$40.83 per ton, an increase in cost of $5.59 per ton.  This represents a 16% 
increase in the total harvesting cost.  For each 10% change in the cost of fuel the overall 
harvesting costs decreases or increases by $0.56 per ton. 
 Decreasing the cost of fuel by 50% reduced the cost of harvesting biomass from $5.76 
per ton to $5.70 per ton, a decrease in total harvesting cost of $0.06 and a 1% change in total 
costs.  Increasing the cost of fuel by 100% increased the cost of harvesting from $5.76 per ton to 
$5.90 per ton, an increase in costs of $0.14 and a 2% change in total harvesting costs.  For each 
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10% change in fuel costs, harvesting costs increased or decreased by approximately $0.01 per 
ton. 
- Fuel cost sensitivity on WTSD system 
 In the WTSD harvesting system a 50% reduction in fuel price decreased the total 
harvesting cost of SHWP from $32.82 per ton to $30.27 per ton a decrease in total cost of $2.55 
per ton.  This represents an 8% decrease in the total harvesting cost.  A 100% increase in fuel 
cost changed total harvesting cost from $32.82 per ton to $37.93 per ton, an increase of $5.11per 
ton.  This represents a 16% increase in total harvesting costs.  Each 10% change in fuel price 
resulted in an average of $0.51 decrease or increase in the cost per ton.   
 A 50% reduction in fuel price decreased the total harvesting cost of biomass material 
from $8.81 per ton to $8.47 per ton, a reduction of $0.34 per ton and a decrease in total cost of 
4%.  A 100% increase in fuel cost increased total harvesting cost from $8.81 per ton to $9.48 per 
ton an increase of $0.68 per ton and a 8% change in cost.  For each 10% change in fuel price the 
cost per ton decreased or increased by approximately $0.07 per ton.   
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Figure 9. Effect of changes in fuel price on cost per ton of material 
- Equipment purchase price sensitivity on WT system  
The effects of changes in equipment purchasing price were examined in the same manner 
as changes in fuel price.  Information on purchase price for each piece of equipment was 
gathered from the logger.  The equipment suite was purchased at a cost of $125,000 for the 
feller-buncher, $45,000 for the skidder, and $35,000 for the loader.  A decrease of 50% in the 
purchasing price of each piece of equipment in the equipment suite reduced the total cost of 
harvesting SHWP in the WT system from $35.25 per ton to $34.19 per ton, a decrease of $1.06 
per ton. This represents a 3% change in total costs.   A 100% increase in the purchasing cost of 
each piece of equipment increased harvesting cost from $35.25 per ton to $37.47 per ton of 
SHWP, a change of $2.22 per ton and a 6% increase in total costs.  For each 10% increment 
change in purchasing cost, total cost decreased or increased by an average of $0.22 per ton.   
Changes in equipment purchasing costs also changed the harvesting cost of biomass in the 
WT system.  A 50% decrease in the purchasing price of equipment reduced harvesting costs 
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from $5.76 per ton to $5.74 per ton, a decrease in costs of $0.02 per ton.  This represents less 
than a 1% change in total harvesting costs.  A 100% increase in equipment purchasing costs 
increased the harvesting cost of biomass from $5.76 per ton to $5.80 per ton, a $0.04 increase in 
the cost per ton.  This represents an approximately 1% increase in the total cost per ton.  For each 
10% change in equipment purchasing costs, the total harvesting cost of biomass increased or 
decreased by less than $0.01 per ton.            
- Equipment purchase price sensitivity on WTSD system 
A 50% decrease in equipment purchasing price decreased the total harvesting cost of 
SHWP in the WTSD system from $32.82 per ton to $31.81 per ton a decrease of $1.01 per ton 
and a 3% cost change.  A 100% increase in equipment purchasing price increased the total 
harvesting cost from $32.82 per ton to $34.85 per ton, a difference of $2.03 and a 6% increase in 
costs.  For each 10% change in purchasing costs the cost per ton decreased or increased by $0.20 
per ton.   
 For the biomass component of the WTSD harvesting system a 50% decrease in 
equipment purchasing price decreased the total cost per ton from $8.81 down to $8.67 per ton, a 
difference of $0.14 per ton and a 2% decrease in total cost.  A 100% increase in equipment 
purchasing price increased costs from $8.81 per ton to $9.09 per ton a $0.28 increase and a 3% 
change in total costs.  For each 10% increment change in purchasing cost, total costs decreased 
or increased by approximately $0.03 per ton.            
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Figure 10. Effect of changes in equipment suite costs on cost per ton of material 
- Stumpage cost sensitivity on WT system 
A stumpage cost of $8.50 per ton was assumed for SHWP from the WT harvest plots and 
$8.31 per ton for SHWP from the WTSD plots.  Biomass stumpage costs from both treatments 
were assumed to be $5.00 per ton.  A 50% decrease in SHWP stumpage price in the WT system 
resulted in a decrease in total cost per ton from $35.25 to $30.99 per ton an overall decrease of 
$4.26 per ton.  This represents a 12% change in the total cost per ton.  A 100% increase in 
stumpage costs resulted in an increase in cost per ton from $35.25 per ton to $43.76 per ton, an 
$8.51 per ton increase and a 24% change.  For each 10% increment in change of stumpage cost, 
total harvesting cost decreased or increased by $0.85 per ton.   
A 50% decrease in stumpage cost for the biomass decreased total harvesting costs from 
$5.76 per ton to $3.26 per ton, a $2.50 per ton decrease and a 43% change in harvesting costs.  A 
100% increase in stumpage cost increased harvesting costs from $5.76 per ton to $10.76 per ton, 
0.00
5.00
10.00
15.00
20.00
25.00
30.00
35.00
40.00
P
ro
d
u
ct
 c
o
st
 p
er
 t
o
n
 (
$
) 
Equipment suite cost ($) 
WT SHWP
WTSD SHWP
WTSD Biomass
WT Biomass
44 
 
an increase in $5.00 per ton and an 87% change in total harvesting costs.  For each 10% change 
in stumpage cost total harvesting cost decreased or increased by approximately $0.50 per ton.   
- Stumpage cost sensitivity on WTSD system 
In the WTSD system a 50% decrease in SHWP stumpage price decreased the total cost 
per ton from $32.82 per ton to $28.66 per ton.  This is a decrease in cost of $4.16 per ton and a 
13% change in cost.  A 100% increase in stumpage cost results in an increase in harvesting costs 
from $32.82 per ton to $41.13 per ton a difference of $8.31 per ton and a change in cost of 25%.  
For each 10% increment change in stumpage cost, total harvesting cost decreased or increased by 
$0.83 per ton. 
For biomass stumpage costs in the WTSD system, a 50% decrease in stumpage costs 
resulted in a decrease in total costs from $8.81 per ton to $6.31 per ton, a difference of $2.50 per 
ton and 28% change in total costs.  A 100% increase in stumpage cost increased total costs from 
$8.81 per ton to $13.81 per ton, an increase of $5.00 per ton.  This results in an increase of 57% 
in the total cost per ton.  For each 10% increment change in stumpage cost total harvesting costs 
decreased or increased by approximately $0.50 per ton.    
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Figure 11. Effect of changes in stumpage costs on cost per ton of material 
- Utilization rate sensitivity on WT system 
To assess the effects of changes in equipment utilization rates on harvesting costs all 
equipment utilization rates were set the same and were then increased in 10% increments.  
During the analysis the equipment’s observed PMH were assumed to stay the same while the 
equipment’s SMH were decreased or increased in order to reflect the particular utilization rate 
being analyzed since the utilization rate is obtained by dividing the PMH by the SMH.  This 
sensitivity analysis method was modeled after the method applied by Harrill and Han (2012).   
 In the WT system the utilization rates observed during the harvest were 29% for the 
feller-buncher, 72% for the skidder, and 54% for the loader.  Decreasing the equipment suite’s 
utilization rate to 10% increased total harvesting costs of SHWP from $35.25 per ton to $128.45 
per ton.  This is a cost increase of $93.20 per ton and a 264% change in the total cost for SHWP.  
Increasing equipment utilization rates to 90% reduced harvesting costs from $35.25 per ton to 
$26.99 per ton, a decrease of $8.26 per ton and a change of 23%.   
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 Varying utilization rates also had an effect on the cost of harvesting biomass in the WT 
system.  An equipment suite utilization rate of 10% increased harvesting costs from $5.76 per 
ton to $8.30 per ton.  This represents a total cost increase of $2.54 and a change of 44%.  
Increasing the equipment suite’s utilization rate to 90% decreased total harvesting costs from 
$5.76 per ton to $5.54 per ton, a reduction of $0.23 and a change of 4% in the total cost of 
harvesting biomass in the WT system. 
- Utilization rate sensitivity on WTSD system  
In the WTSD system observed utilization rates were 32% for the feller-buncher, 59% for the 
skidder, and 54% for the loader.  Reducing the equipment suite utilization rate to 10% increased 
harvesting costs for the SHWP from$32.82 per ton to $116.96 per ton.  This represents a cost 
increase of $84.14 per ton and a change of 256%.  Increasing the equipment suite utilization rate 
to 90% reduced harvesting costs from $32.82 per ton to $23.58 per ton, a decrease of $9.24 per 
ton and a change of 28% to the total harvesting cost of the SHWP.   
An equipment suite utilization rate of 10% increased the cost of harvesting biomass in the 
WTSD system from $8.81 per ton to $19.65 per ton, an increase of $10.85 per ton and a change 
of 123%.  Increasing the equipment suite utilization rate to 90% decreased harvesting costs from 
$8.81 per ton to $7.75 per ton.  This represents a decrease in cost of $1.06 per ton and a change 
in cost of 12% to the total cost of harvesting biomass in the WTSD system.     
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Figure 12. Effect of changes in equipment suite utilization rate on cost per ton of material 
3.5 Regression Analysis 
 A log(ln)-log(ln) regression was conducted in STATA 10.0 to analyze the effects of the 
independent variables cycle distance, cycle weight, weighted average slope, and time to build a 
bundle.  Cycle data from the WT and WTSD harvest systems were combined in the regression 
and interaction terms were written for the WTSD harvest system in order to compare it to the 
WT system, see Table 17.  
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Table 15. Regression coefficients and significant variables for skidder cycle times 
Variables 
  Time (Dependent) Coefficient P>t 
Distance 1.2003 0 
Weight -0.1159 0.029 
Slope 0.05113 0.802 
Built bundle 0.19591 0.001 
Distance (Integrated) -0.4684 0.038 
Weight (Integrated) 0.14978 0.034 
Slope (Integrated) -0.1939 0.437 
Built Bundle (Integrated) -0.0245 0.763 
Integrated 3.91221 0.017 
Constant -7.4908 0 
# of Observations = 172 R² 0.8203 
 
Independent variables that had a significant effect on skidder cycle are those that have a p-value 
less than 0.05 for a 95% confidence interval.  Significant variables include distance, weight, and 
building a bundle in the WT system and distance and weight in the WTSD system.  Slope did not 
have a significant effect on time for either harvest system.  A significant difference was also 
noted between the cycle times of the WT and WTSD harvesting systems.  With all variables 
being held equal, the WTSD cycle time was 3.91% longer than the WT cycle time at a p-value of 
0.017.   
 Using the coefficients from the regression analysis and an intercept of zero, cycle time 
equations can be constructed for the skidder cycle time for both harvesting systems (Equations 
15 and 16).       
Equation 15.  Cycle time for the WT system 
     )             )             )            )             ) 
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Where: 
   = dependent variable time in minutes 
   = independent variable cycle distance in feet 
   = independent variable cycle weight in tons 
   = independent variable weighted average slope in % 
   = independent dummy variable built bundle  
 Equation 16. Cycle time for the WTSD system 
     )            )            )             )             )   
3.6 Residual Damage 
 A high percentage of trees that had some form of damage were observed in both the WT 
and WTSD plots.  Damage in the WT harvest plots ranged from 36% to 78% with an average of 
51% of trees having some form of damage.  In the WTSD plots damage ranged from 45% to 
73% with an average of 55% of trees damaged.  While the percentage of damage is high not all 
of the trees that had damage were significantly damaged.  Some of the trees sample had less that 
5% crown damage, which would have little adverse impact on the tree.  MDC logging contract 
standards state that trees that have greater than 25% crown damage are unacceptable.  When 
considering only trees that have crown damage greater than 25% or have crown damage in 
conjunction with damage on the stem of the tree, the percentage of damage in the plots 
decreases.  WT harvest plots had damage that ranged from 3% to 23% with an average of 14% of 
trees having damage.  In the WTSD plots damage ranged from 2% to 10% with an average of 
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6%.  These figures give an indication of the severity of the damage that was present.  The 
majority of the trees that were damaged had damage to their crowns that was less than 25% of 
the trees total crown.  To test for significant differences in the level of damage between the WT 
and WTSD harvesting systems and ANOVA was conducted to compare the average percentage 
of damage between the treatments, see Table 18. 
Table 16. Comparison of the percentage of residual damage between the harvest 
treatments 
Treatment Comparison 
Degrees 
of 
Freedom 
F- 
Value 
p- 
Value 
R² 
Value 
% of Trees With Damage 5 0.06 0.8156 0.015 
% of Trees With 25%+ 
Crown or Stem Damage 5 1.53 0.2840 0.28 
 
As indicated by p- values greater than 0.05 in Table 15 there was not a significant difference in 
the level of residual damage between the WT and WTSD harvests.  Therefore, implementing a 
shelterwood silviculture prescription with small diameter trees integrated with the merchantable 
whole tree harvest does not appear to cause more damage than the merchantable only whole tree 
harvest system.  However, with low R² values of 0.015 and 0.28 the ANOVA does not have 
strong statistical power and additional sampling would be needed to make a more accurate 
prediction on the differences of residual damage levels between the WT and WTSD harvesting 
systems.   
Chapter 4. Discussion  
 One of the main objectives of the study was to estimate and compare the cost per ton of 
harvesting tops and small diameter trees in an integrated harvest.  Other main objectives included 
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the analysis of equipment productivity and its effect on harvesting costs, the integration of a 
chipper into the harvesting system and its effect on biomass costs, a sensitivity analysis to 
examine the effects of changes in different costs that have the potential to vary over time and in 
different areas, and to determine harvesting feasibility and methods to reduce harvesting costs.  
Chapter 4 will analyze the results of the harvest in order to meet the objectives of the study and 
prepare for the conclusions that are formed in Chapter 5.    
4.1 Equipment Productivity  
The harvest equipment had varying utilization rates between the harvesting systems.  In 
some cases the equipment utilization rates were similar to the utilization rates observed in a prior 
integrated woody biomass harvest study conducted by Saunders et al. (2012), in the Missouri 
Ozarks.  Feller-buncher utilization rates ranged from 29% to 32% in this study compared to 36% 
in Saunder’s harvest.  The skidder utilization rate of 72% in the WT harvest was comparable to 
Saunder’s skidder utilization rate of 71%.  The skidder utilization rate of the WTSD harvest was 
lower at 59%.  The loader utilization rate of 54% for this study was assumed to be the same for 
both harvesting systems and was greater than the 45% rate observed by Saunders et al (2012).     
The activity sampling and time-in-motion studies demonstrate that all of the harvesting 
equipment spent the majority of their PMH handling SHWP material.  As shown in subsection 
3.2, data gathered through activity sampling indicates that feller-buncher work activities on a 
proportional basis were similar between the WT and WTSD plots.  For both harvesting systems, 
the feller-buncher spent approximately 60% of its PMH moving to cut material.  It can be 
assumed that in the WT plots 100% of this time was spent moving to cut SHWP; and the 
majority of the time in the integrated plots was also spent moving to cut SHWP since trees that 
contained SHWP were the greatest proportion of the timber marked to harvest.  Also in both 
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harvesting system plots the second greatest amount of time spent by the feller-buncher was 
allocated to dropping SHWP after it had been cut.  In the WT plots, delay times accounted for 
the next greatest proportion of work time followed by cutting SHWP.  In the WTSD plots, delay 
time and cutting SHWP accounted for an equal proportion of work time and accounted for the 
majority of the observed work activities following moving to cut and dropping SHWP.  
Dropping and cutting small diameter biomass trees made up the smallest proportion of the feller-
buncher’s work activities at a total of 3% of the observed time.  Saunders et al. (2012) assumed a 
higher percentage rate of 36% for handling biomass based off of inventory data.  Activity 
sampling data for the feller-buncher was not presented by the study.     
Handling SHWP was the main activity observed for the loader as well, through the 
delimbing and topping of SHWP trees, bucking SHWP logs into length, and stacking and loading 
SHWP.  Total time allocated to handling SHWP material accounted for 81% of the loader’s work 
activities.  Time spent handling SHWP divided up into 30% for delimbing, 20% for bucking, 
20% for loading trucks, and 11% for stacking SHWP on the landing.  Delay times accounted for 
15% of observed activities and stacking biomass material accounted for 4% of observed 
activities.  Saunders et al. (2012) presented activity sampling data collected on the loader 
however; a major difference between the observed loader activities was that the loader in this 
study did not spend time feeding a chipper.  Handling biomass while feeding the chipper 
accounted for 33% of the observed loader activities in Saunder’s study while 28% and 25% of 
the time was spent sorting SHWP and loading trucks with SHWP.  Sorting biomass material 
attributed to 8% of the loader’s time while delays accounted for 6%.  The loader in Saunder’s 
study spent the majority of its time handling SHWP similar to the loader in this study but at a 
lower rate of 53% compared to the 81% observed in this study.  However, if the loader had not 
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been required to spend time feeding the chipper an even greater percentage of the loader’s time 
would have been spent handling SHWP.  Time spent handling biomass material in Saunder’s 
study was greater than the time observed in this study with 8% compared to 4%.  This is due to 
the fact that the logging operation in Saunder’s study harvested a greater amount of small 
diameter biomass trees compared to this study.  Delay times observed in this study were more 
frequent compared to Saunder’s study at 15% compared to 6%.  Again, if the loader had not been 
required to feed the chipper the proportion of time spent handling biomass and experiencing 
delays would have increased in Saunder’s study.            
 In the WT harvest plots all of the skidder’s time was allocated to handling SHWP 
material or delays.  In the WTSD harvesting system plots handling biomass material accounted 
for 11% of the skidder’s work activities.  Of the three pieces of harvesting equipment the skidder 
allocated the largest proportion of its work time to handling biomass at 11% compared to the 
loader at 4% and the feller-buncher at 3%.  Time-in-motion data collected in Saunder’s study 
indicated that 46% of the skidder’s time was allocated to handling small diameter biomass trees, 
a much greater percentage than that observed in this study.  Again this is due to a greater volume 
of small diameter biomass trees being present on Saunder’s harvest site.  Similar to this study, 
the skidder spent the greatest amount of time of any of the equipment handling biomass followed 
by the loader and then the feller-buncher. 
There were a number of opportunities for the logging operation to decrease overall 
harvesting costs and increase productivity.  The owner of the logging operation was a Missouri 
Master Logger and was dedicated to completing the harvest.  However, the owner also operated 
another business which made it difficult to allocate as much time to conducting the harvest as 
could have been otherwise. Since the owner was also the feller-buncher operator this was a 
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contributing factor to the feller-buncher having lower utilization rates than the skidder and feller-
buncher.   Machine utilization rates could have been increased for all of the harvesting 
equipment through better scheduling and limiting other work commitments.  At times the skidder 
and loader operator did not work at the same time.  In this case the skidder operator would stack 
bundles in the field and would then have to go back and handle the bundle a second time to carry 
it to the loader.  This extra handling of the bundle served to increase skidder costs.  At another 
point in the harvest the loader operator had to serve as the truck operator because the operation 
could not acquire a truck driver.  This created a bottle neck in the system forcing the skidder to 
stack bundles in the field and prevented the log bucking operation performed by the loader 
unless the feller-buncher operator served as the loader operator.  Increasing machine utilization 
rates would serve to reduce costs by decreasing the time spent on the harvest site.  More efficient 
work scheduling would serve to increase the productivity and utilization of the entire equipment 
suite.   
  Operator skill also had an impact on costs and productivity as noted by Yoshioka et al. 
(2006).  The logging crew had just purchased the loader prior to the harvest and the loader 
operator was still developing his skills at operating the equipment.  A more experienced loader 
operator could have potentially increased the productivity of the loader.  In addition, the skidder 
operator could have increased equipment productivity by taking the opportunity to build larger 
bundles, particularly on long skidder turns.  A higher average turn volume would have increased 
machine productivity and reduced the number of trips to the woods to gather bundles.  Larger 
bundles built by the feller-buncher would have also increased skidder productivity by reducing 
the need to build bundles.  However, it may be difficult for the feller-buncher to build large 
bundles without causing excessive residual damage due to the large crowns of deciduous trees.   
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4.2 SHWP Harvest Costs         
 While the study was mainly concerned with the cost of harvesting biomass, the cost and 
efficiency of harvesting the SHWP was also examined since in an integrated harvest the cost of 
harvesting the SHWP directly affects the cost of harvesting the biomass.  When comparing the 
break-even cost or total cost per ton of material that is delivered to the landing, the cost per ton 
of SHWP material from the WT harvest plots was higher at $35.25 per ton compared to the 
SHWP material from the WTSD harvest plots at $32.82 per ton.  This represents a difference of 
$2.43 per ton between the total harvesting cost of SHWP material between the WT and WTSD 
systems.  The WTSD plots on average were closer to the landing than the WT plots, see Figure 
4, and an overall lower cost for the WTSD system would be expected due to this fact.  Also, a 
portion of the WTSD harvesting systems time was allocated to harvesting small diameter 
biomass trees which would further reduce the cost of harvesting SHWP.  In the WT system the 
skidder had the highest cost at $9.45 per ton compared to $7.59 for skidder operations in the 
WTSD plots.  One reason for this difference would be due to the fact that the skidder had to 
make longer skid turns from the WT plots back to the landing compared to the WTSD plots.  The 
skidder did have higher utilization rates while operating in the WT plots at 72% compared to 
59% in the WTSD plots.  However, overall the skidder had to spend less time operating in the 
WTSD plots compared to the WT plots due to their closer proximity to the landing.  The feller-
buncher also had higher costs in the WT plots at $8.61 per ton compared to $8.24 per ton in the 
WTSD plots.  The feller-buncher had to spend less time tracking to the WTSD plots due to their 
closer proximity to the landing, serving to reduce costs. Feller-buncher utilization rates were also 
higher in the WTSD plots at 32% compared to 29% in the WT plots which further reduced 
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harvesting costs.  Loader costs per ton for SHWP and biomass was the same for both the WT and 
WTSD plots since the loader handled material from both plots simultaneously. 
4.3 Biomass Harvesting Costs 
 The break-even cost for biomass material from the WTSD system was higher than the 
break-even cost per ton for biomass in the WT system at $8.81 per ton compared to $5.76 per 
ton.  The greatest contributing factor to this difference was the time that was spent by the feller-
buncher and skidder in harvesting small diameter trees in the WTSD system.  Costs were not 
assigned to the feller-buncher and skidder in the WT harvest since there was no time that the 
equipment had to spend handling the tops.  In the WTSD system the skidder had the highest cost 
in the equipment suite at $2.40 per ton.  This is due to the fact that the skidder spent a greater 
proportion of its work time handling biomass material, at 11%, compared to the loader at 4% and 
the feller-buncher at 3%.  The loader had the second highest cost at $0.76 per ton for both 
harvesting systems since loader costs were distributed equally between the treatments for 
handling small diameter trees and tops and residues.  The cost of the feller-buncher harvesting 
small diameter trees was $0.64 per ton and had the lowest cost for harvesting biomass in the 
WTSD system.  Both systems were able to deliver woody biomass material to the landing at cost 
lower than the observed revenue.  However, the WT system had a greater profit margin of $3.24 
compared to the WTSD systems profit margin of $0.19   
4.4 Cost Comparison to Other Studies 
A number of other studies were reviewed to compare the cost of harvesting biomass 
found in those studies with the costs found in this study.  This was done in order to determine if 
the cost estimates for harvesting woody biomass formed in this study are reasonable when 
compared to previous studies.  Table 19 lists five integrated biomass harvests that were 
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examined along with their costs for harvesting biomass.  It is important to note that the costs 
observed in the previous studies have not been adjusted for inflation.  Of the five studies, two 
were conducted in the Western region of the U.S. and two in the South-eastern region of the U.S.  
Only one study, Saunders et al. (2012), was conducted in Missouri.  Integrated biomass studies 
conducted in the Central region of the U.S. are limited compared to studies conducted in the 
Western and South-east regions.  Saunders et al. (2012) was also the only study that was 
conducted in hardwood stands; all other studies were conducted in conifer dominated overstory 
stands.  All studies used mechanized harvesting systems that mainly consisted of feller-bunchers 
with grapple skidders and a loader with a chipper or grinder.  The studies used time-in-motion 
and activity sampling data and the proportions of biomass material harvested in order to allocate 
the cost of harvesting biomass to the respective pieces of equipment.   
As shown in Table 19 the cost of harvesting biomass from the WT system was in the 
range of the observed costs from the studies conducted by Hartsough, Bolding, and Miller.  
Biomass costs from the WTSD system was comparable to costs observed in Hartsough’s study 
and was only slightly higher than the cost range observed by Watson and Miller’s studies.  The 
higher costs in Hartsough’s study were observed for a cut to length harvesting systems that used 
a harvester and forwarder in California conifer stands.  The studies conducted by Bolding and 
Saunders both had higher costs compared to the biomass costs observed in this study.  In Bolding 
and Saunder’s studies a greater volume of small diameter trees were harvested compared to this 
study which would have required more time and higher harvesting costs for the equipment suite.  
Of the five studies examined Saunders et al. (2012) had the most comparable site conditions and 
equipment suite to this study.  The main difference between this study and Saunder’s et al. 
(2012) was that Saunders observed a cut to length system and the volume of tops utilized for 
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biomass was relatively small when compared to this study.  Had Saunder’s et al. (2012) observed 
a whole tree harvesting system where a large volume of tops would have been utilized for 
biomass, the observed cost of biomass may have decreased.  This would have been due to the 
fact that the volume from the tops would have increased the productivity of the biomass portion 
of the harvest while requiring little additional effort; as was observed in this harvest.    
Table 17. Comparison of biomass harvesting costs between studies 
Study 
Comparisons This study 
Biomass 
cost/ton ($) 
WT biomass 
cost/ton ($) 
WTSD 
biomass 
cost/ton ($)  
Hartsough et al. 1994 10.90-52.40 11.11 14.16 
Bolding et al. 2009 27.78 11.11 14.16 
Watson et al. 1986 8.30-13.34 11.11 14.16 
Miller et al. 1987 6.14-13.60 11.11 14.16 
Saunders et al. 2012 22.80 11.11 14.16 
        
4.5 Cost of Small Diameter Trees  
  In the WTSD harvest system costs for handling biomass were allocated to the feller-
buncher and skidder based on the percentage of work time observed handling small diameter 
biomass trees.  Costs were allocated to the loader based on the percentage of time observed 
handling small diameter trees, limbs and residues.  While the time spent by the equipment suite 
in harvesting biomass was mainly spent handling small diameter trees, the weight of the tops was 
included in the total volume of biomass produced even though there was little time invested by 
the equipment in handling the tops.  This serves to increase the productivity of the biomass 
portion of the harvest and reduce biomass costs.  If only the weight of the small diameter trees 
was considered when figuring biomass harvesting costs based on the percentage of time that the 
equipment spent handling small diameter biomass trees, an indication of what it costs the 
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harvesting operation to take the additional step of harvesting small diameter trees would be 
given.   
Approximately 11.6 tons of small diameter biomass trees were harvested in the WTSD 
system plots.  When considering 11.6 tons as the volume of biomass harvested the cost of 
harvesting biomass increases from $8.81 per ton to $67.99 per ton. The cost of $67.99 per ton is 
well above the received revenue of $9.00 per ton.  While all the equipment had relatively low 
proportions of work time handling small diameter trees, costs were still high due to the low 
production rates of harvesting small diameter trees.  Low volumes and production rates of small 
diameter trees translated into high production costs.  This indicates the inefficiency of the 
harvesting system in the production of small diameter biomass trees in plots that have a low 
stocking volume of small diameter trees.  Higher biomass tonnage produced per SMH and PMH 
would serve to reduce the cost of harvesting small diameter trees.  With the addition of a chipper 
to the system the cost of harvesting small diameter trees would increase to $73.34 per ton.  This 
cost is higher than any of the observed biomass harvesting costs shown in Table 19.  When 
considering the cost of harvesting small diameter trees the difference between the cost of this 
harvest and that observed by Saunders et al. (2012) is $50.54 even though the majority of the 
biomass material harvested in Saunder’s harvest came from small diameter trees.  This further 
emphasizes the inefficiency of this harvesting system in extracting small diameter trees and 
operating in stands that are stocked with low volumes of small diameter biomass trees.  
However, it should be noted that even though there was a greater stocking volume of small 
diameter biomass trees in the study conducted by Saunders et al. (2012), it was still concluded 
that it was unprofitable to harvest small diameter trees for biomass.    
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4.6 Marginal Costs      
 The AMC of producing an additional ton of SHWP in the WT system was $17.29 per ton 
and $0.21 for the biomass.  The AMC in the integrated system of producing an additional ton of 
SHWP was $16.20, and $1.35 for an additional ton of biomass.  In both systems the AMC of 
producing an additional ton of biomass was below the observed revenue of $9.00 per ton 
indicating that overall it would be profitable to produce an additional ton of biomass.  When 
comparing between the WT and WTSD systems the additional cost of producing a ton of small 
diameter woody biomass tree was $0.05.     
4.7 Sensitivity Analysis  
 Of the three input costs that were examined in the sensitivity analysis, changes in 
stumpage cost had the greatest effect on the total harvesting cost for SHWP in both the WT and 
WTSD harvesting systems.  For SHWP a 50% decrease or 100% increase in stumpage costs 
resulted in changes ranging from a 12% reduction to a 25% increase in total costs.  It would be 
expected that changes in stumpage costs would have the greatest effect on overall harvesting 
costs since the stumpage cost is the greatest cost input for a ton of SHWP.  Changes in fuel costs 
had the next greatest effect on harvesting costs followed by changes in equipment purchasing 
costs.  A 50% reduction in fuel costs decreased harvesting cost by 8% and a 100% increase in 
fuel costs increased harvesting costs by 16% in both harvesting systems.  Effects from changes in 
equipment suite purchasing price ranged from 3% reduction in costs to a 6% increase in costs in 
both harvesting systems.  Changes in equipment purchasing costs have a less pronounced effect 
on overall harvesting costs due to the ability of equipment to spread their purchasing costs 
throughout the work year (Saunders et al. 2012).    
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As with the SHWP, changes in stumpage costs had the greatest effect on the cost per ton 
of biomass, with a decrease in stumpage costs by 50% reducing total harvesting costs by 28% 
and a 100% increase in fuel costs increasing total costs by 57% in the WTSD system.  Changes 
in stumpage costs had even more pronounced effects on biomass costs in the WT system.  This is 
due to having a minimal investment of equipment time in handling the tops.  Since stumpage 
costs in the WT system make up an even greater portion of biomass harvesting costs compared to 
the WTSD system, changes in stumpage costs have an even greater effect on biomass costs in the 
WT system.  Decreases or increases in stumpage costs had effects on biomass costs in the WT 
system ranging from a 43% decreases to a 87% increase in total costs.  Changes in fuel costs had 
the next greatest effect followed by equipment purchasing costs.  The results of changes in fuel 
costs ranged from a 4% decrease to an 8% increase in the WTSD system to a 1% decrease 2% 
increase in the WT system.  Again, with minimal investment of equipment time in handling 
biomass in the WT system changes in fuel cost will have a less pronounced effect on WT system 
costs as compared to WTSD system costs.  Effects of changes in equipment suite purchasing 
costs ranged from a 2% decrease to a 3% increase in costs in the WTSD system and a 1% 
decrease and a 2% increase in biomass costs in the WT system. 
The sensitivity analysis conducted for this study indicates that changes in equipment suite 
utilization rates have more potential to increase or decrease harvesting costs for SHWP than 
changes in any of the input costs.  Decreasing utilization rates to 10% for the equipment suite 
more than doubled harvesting costs in both harvesting systems.  However, as utilization rates 
were increased the percentage changes in harvesting costs became less pronounced.  At a 50% 
utilization rate costs increased by 1% in the WT system and decreased by 2% in WTSD system.  
At a 90% rate of utilization, harvesting costs decreased by 23% in the WT system and 28% in the 
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WTSD system.  For the biomass component changes in the equipment suite utilization rate also 
had pronounced effects on harvesting costs.  With a utilization rate of 10% harvesting costs 
increased by 123% in the WTSD system and 44% in the WT system.  Again as utilization rates 
increase the percentage changes in costs became less pronounced.  A utilization rate of 90% 
decreased harvesting costs in the WTSD system by 12% and 4% in the WT system.  In 
comparison to the effects of changes in stumpage costs on the biomass component; a 10% 
decrease in stumpage cost would reduce costs by 9% in the WT system and 6% in the WTSD 
system.  In this case the biomass component of the WT system was more sensitive to a 10% 
reduction in stumpage cost than a 90% equipment suite utilization rate.  However, in a realistic 
setting a logging operation has the potential to have greater influence on equipment utilization 
rates, and its subsequent effect on costs, through proper harvest planning and preventative 
maintenance to prevent delays than it does on stumpage and other harvesting costs.                                   
4.8 Skidder Regression Analysis 
 The skidder regression analysis indicates that distance had the greatest influence on 
skidder cycle time in both harvesting systems.  The weight of the bundle was also significant in 
both systems however weight in the conventional seemed to cause a decrease in cycle time 
which is the opposite of what would be expected.  One reason this was observed could be due to 
the fact that heavier weights indicated larger bundles built by the feller-buncher therefore 
reducing the skidders need to spend time building a bundle out of smaller bundles.  Since time 
spent building a bundle was also significant in the conventional plots, an increase in weight 
could have caused a decrease in time due to less time spent having to build a bundle in the 
conventional plots.  However, time spent building a bundle did not have a significant effect on 
skidder cycle time in the integrated system.  A possible reason for this difference between the 
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two harvesting system was that in the integrated system plots the skidder did not have to travel as 
far overall when building a bundle when compared to the conventional plots due to the layout of 
skid trails in the two treatments.  This in combination with the fact that the integrated plots on 
average were closer to the landing than the conventional plots could have served to reduce the 
effect of having to build a bundle on skidder cycle time.  Slope did not have a significant effect 
on skidder cycle times for either of the harvesting systems.  This is due to the fact that the 
variation in the slope on the harvest site was low and overall the average percent slope was low.  
The regression analysis also indicates that when controlling for all variables the cycle time of the 
skidder would be longer in the integrated plots than in the conventional plots.  This would be 
expected due to the fact that the skidder had to spend additional time handling small diameter 
timber in the integrated plots.   
Chapter 5. Conclusions 
 The results of this study show that for a harvest site similar in conditions to this study 
site, the break-even cost of harvesting and processing biomass material at the landing is 
approximately $5.76 per ton for tops for the WT system and $8.81 per ton for tops and small 
diameter trees for the WTSD system.  In both harvest systems biomass was produced at a cost 
per ton that was less than the observed revenue of $9 per ton that was received for the 
unprocessed biomass material at the landing.  The addition of a wood chipper would further 
increase the break-even cost to approximately $11.11 per ton for the WT system and $14.16 per 
ton for the WTSD system.   
The biomass costs found in this study are similar to biomass costs found in other studies 
including Watson et al. 1986, Miller et al. 1987, and Hartsough et al. 1994.  Biomass costs in this 
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study were lower than those found by Saunders et al. 2012 in the Missouri Ozarks due to that 
study having a greater component of small diameter trees in the biomass portion in comparison 
to this study.  The greater percentage of small diameter trees in the harvest required more time 
from the equipment to handle the material thereby increasing the costs in Saunders et al. (2012) 
study.  When separating out and examining the costs of the small diameter trees only, the cost of 
harvesting these trees increased substantially when compared to Saunders et al. (2012) due to 
low stocking volumes of small diameter trees and the inefficiency of the logging operation in 
extracting small diameter trees.  Results from both this study and Saunders et al. (2012) indicate 
that the small diameter woody biomass component is unprofitable to harvest.  The costs of the 
small diameter trees in this harvest were significantly higher than the costs in Saunders et al 
(2012) due to the low small diameter tree stocking volumes and logging operation inefficiencies 
that magnified the costs of harvesting the small diameter trees.  However, the results indicate that 
tops can be brought to the landing in an economically feasible manner and can contribute a 
substantial volume to a biomass harvest.  Harvesting the tops in a whole tree system has the 
potential to be profitable for a logging operation in comparison to the small diameter tree 
component that is likely to be harvested at a loss.  Despite the fact that the small diameter tree 
component was unprofitable, the contribution of the top material in the WTSD system served to 
increase biomass yields and reduced the costs of the biomass harvest to a level that was below 
the received revenue.                  
There was opportunity for the logger to decrease his overall harvesting costs.  Machine 
utilization rates had the opportunity to be increased, particularly for the feller-buncher, through 
better scheduling and limiting other work commitments.  As indicated by the sensitivity analysis 
low utilization rates can have significant impacts on harvesting costs.  Higher equipment 
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utilization rates would serve to decrease the time that the equipment is stationed at the harvest 
site and would reduce costs.  More efficient work scheduling would have served to reduced 
bottle necks in the system and would have reduced harvesting costs.  One of the drawbacks of 
this study is the additional business commitments that the logger had to meet that served to 
reduce his ability to focus on completing the study harvest.  A logging operation that was solely 
committed to conducting the harvest may have had reduced harvesting costs for the small 
diameter tree component.     
  Other factors also had an influence on harvesting costs such as operator skill and lack of 
experience in operating equipment.  Increases in both skill and experience would serve to 
increase equipment productivity.  The ability of the feller-buncher to build large bundles, if site 
conditions allow for it, would serve to increase skidder productivity.  Time spent by the skidder 
in building bundles was shown to have a significant influence on the skidder cycle time and 
larger bundles built by the feller-buncher would help eliminate this factor.  Efficient planning of 
skid paths and landing locations would also serve to increase equipment productivity and reduce 
fuel costs    However, while increased productivity will help reduce the costs of harvesting small 
diameter trees, the ability to break-even on biomass harvests with a small diameter tree 
component appears to be dependent on the contribution of tops to the harvest.  The results of 
both this harvest and Saunders et al. (2012) indicate that harvesting small diameter trees is 
economically unfeasible while the harvesting of tops has potential to be profitably delivered to 
the landing as woody biomass material.    
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Chapter 6. Recommendations 
 Future studies that compare to costs of a whole tree harvesting system to a cut to length 
harvesting system in the state of Missouri may be of importance in biomass utilization studies.  
While results from this study indicate that harvesting small diameter biomass materials can be 
expensive, there is potential in utilizing the tops in whole tree systems for biomass.  If a whole 
tree system, where the tops are marketed as biomass, is more cost efficient than a cut to length 
system than it would be profitable for the logger to conduct whole tree logging.  Additional 
studies conducted on a variety of sites and under different silviculture prescriptions may also be 
necessary to examine the levels of residual damage from a whole tree harvesting system.  A 
whole tree system may be more cost effective in operating under management regimes such as 
woodland restorations where large volume removals make it easier for the equipment to operate 
without causing excessive residual damage.  However, in thinning operations where a greater 
number of residual trees are left standing the damage inflicted from whole tree harvesting may 
be too high to justify its implementation.  Also, additional studies may be needed on sites with 
varying levels of small diameter tree volumes to better assess the costs of the economic 
feasibility of harvesting small diameter trees as a component of a woody biomass harvests.          
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Appendix A. Additional Harvest Site Information 
The Central Missouri Oak Savanna/Woodland Dissected Plain land-type association (LTA) is 
a transition between the Ozarks and the till plain (Nigh and Schroeder 2002).  In the past the area 
was characterized by oak savannas and woodlands in the valleys and mostly prairies on the flat 
ridges.  Currently the area consists mainly of fescue pastures along with scattered croplands and 
old-field thickets and second-growth timber on steeper slopes (Nigh and Schroeder 2002).  The 
Goss-Gasconade Association ranges from deep to shallow soils found on moderate to steep 
slopes.  The association is well drained and somewhat excessively drained and is formed on 
upland areas in cherty and clayey limestone residuum (USDA 1992).  The Keswick-Lindley-
Gorin Association is characterized by deep soils that can be found on gentle to steep slopes.  The 
soils are well drained to somewhat poorly drained.  The association is formed in loess, 
pedisediments, and glacial till on upland areas (USDA 1992).   
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Appendix B.  Glossary of Common Terms 
Acceptable Growing Stock (AGS) – trees that exhibit a straight stem and a healthy crown with 
no symptoms of decline 
Break-even cost – the price that a logging operation must receive in order to recover all of the 
costs that are associated with harvesting the material 
Conventional Harvesting System – a logging operation that harvests traditional wood products 
such as stave logs, tie logs, and pulpwood. 
Fixed Cost (FC) – costs that a logging operation must pay regardless of whether the equipment is 
used or not, i.e. insurance.  Also includes labor costs and stumpage costs that is paid at a fixed 
rate for the logging material 
Green Ton – 2000 lb weight of material that has not been adjusted for moisture content 
Integrated Harvesting System – a logging operation that harvests traditional wood products along 
with woody biomass such as small diameter timber, tops, and logging residue.  
Marginal Cost – the cost of producing one more additional unit of material 
Productive Machine Hours (PMH) – hours that a piece of equipment spends engaged in a work 
activity 
Scheduled Machine Hours (SMH) – hours that a piece of equipment is scheduled to work 
throughout the year, assumed to be 2000 hours. 
Unacceptable Growing Stock (UGS) – trees that have poor growth form and display symptoms 
of decline in the crown or stem or have a suppressed crown 
76 
 
Variable Costs (VC) – costs that vary with the amount that a piece of equipment is utilized, i.e. 
fuel consumption, oil consumption 
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Appendix C. Central States TWIGS Equations 
Equation 1: Cubic foot volume of AGS and UGS trees 
               
 
) 
Where: 
V = net volume in ft³ 
SI = site index (feet at age 50) 
D = current tree diameter (d.b.h. in inches) 
a, b, c, d, = species specific equation coefficients (Miner et al. 1988) 
Equation 2: Residue weight of trees 
         
  
Where: 
      = weight in green tons of tops and limbs for all tree classes and bole of cull trees 
D = current tree diameter (d.b.h. in inches) 
a, b = species specific equation coefficients (Miner et al. 1988)  
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Appendix D. Examples of Data Collection Sheets  
 
Appendix D1: Feller-buncher data collection sample sheet 
Date:
Location Whetstone Start Time
Logger End Time
Sample Cutting Cutting Dropping Dropping Moving Delay Delay Delay Tree Count
Time SHWP Biomass SHWP Biomass to Cut Mech Maint OP SHWP Biomass
0:10
0:20
0:30
0:40
0:50
1:00
1:10
1:20
1:30
1:40
1:50
2:00
2:10
2:20
2:30
2:40
2:50
3:00
3:10
3:20
3:30
3:40
3:50
4:00
4:10
4:20
4:30
4:40
4:50
5:00
Activity Sample: Feller Buncher
Data Collector:
Notes
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Appendix D2: Skidder-landing data collection sample sheet 
 
 
 
Date:
Location Start time
Logger End time Cycle
Delay Delay Delay Delay End End
Op. Mech Maint. Time Time
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
Data Collector:
Delay Start Times
Start 
Time
Re-enter 
Time
Release 
TimeCycle #
Time-in-motion: Skidder-Landing
Notes
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Appendix D3: Skidder in-woods variables data collection sample sheet 
Skidder In-Woods Variables Date:
Location Start Time
Logger End Time
Delay Delay
Cycle # Spp. DBH Start TimeEnd Time
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
Notes
Data Collector:
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Appendix D4: Loader data collection sample sheet 
 
 
  
Date
Location Start Time
Logger End Time Number
Sample 
Time
Processing 
Trees
Stacking 
Sawlogs
Stacking 
Firewood
Stacking 
Biomass
Loading 
Sawlogs
Loading 
Firewood
Delay 
Maint
Delay 
Operator
Delay 
Mech
 of stems 
loaded
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
5.5
6
6.5
7
7.5
8
8.5
9
9.5
10
10.5
11
11.5
12
12.5
13
13.5
14
14.5
15
Notes
Activity Sample: Loader
Data Collector:
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Appendix E. Sensitivity Analysis Results at 2% and 10% Interest rates 
The sensitivity analysis results in Section 3.4.6 were figured assuming a 5% interest rate.  
Appendix E presents sensitivity analysis results for changes in fuel, stumpage, equipment 
purchasing costs, and changes in equipment suite utilization rates for 2% and 10% interest rates.  
These interest rates represent those that were used by Saunders et al. (2012), and reflect potential 
interest rate changes that may have been observed during the study time period.  All methods of 
conducting the sensitivity analysis are the same as those outlined in Section 3.4.6.     
2% Interest Rate 
- Fuel cost sensitivity on WT system 
 For the duration of the harvest off-road diesel prices were at an average of $3.33 a gallon.  
A 50% decrease in fuel prices from $3.33 down to $1.67 reduced the total cost of harvesting 
SHWP in the WT harvest system from $34.55 per ton to $31.75 per ton, a decrease in the total 
harvesting cost of $2.79 per ton.  This represents an 8% decrease in the total harvesting cost.  A 
100% increase in fuel costs from $3.33 to $6.66 increased the total cost of harvesting SHWP 
from $34.55 per ton to$40.13 per ton, an increase in cost of $5.58 per ton.  This represents a 16% 
increase in the total harvesting cost.  For each 10% change in the cost of fuel the overall 
harvesting costs decreases or increases by $0.56 per ton. 
 Decreasing the cost of fuel by 50% reduced the cost of harvesting biomass from $5.75 
per ton to $5.68 per ton, a decrease in total harvesting cost of $0.07 and a 1% change in total 
costs.  Increasing the cost of fuel by 100% increased the cost of harvesting from $5.75 per ton to 
$5.88 per ton, an increase in costs of $0.13 and a 2% change in total harvesting costs.  For each 
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10% change in fuel costs, harvesting costs increased or decreased by approximately $0.01 per 
ton. 
- Fuel cost sensitivity on WTSD system 
 In the WTSD harvesting system a 50% reduction in fuel price decreased the total 
harvesting cost of SHWP from $32.17 per ton to $29.61 per ton a decrease in total cost of $2.55 
per ton.  This represents an 8% decrease in the total harvesting cost.  A 100% increase in fuel 
cost changed total harvesting cost from $32.17 per ton to $37.27 per ton, an increase of $5.11 per 
ton.  This represents a 16% increase in total harvesting costs.  Each 10% change in fuel price 
resulted in an average of $0.51 decrease or increase in the cost per ton.   
 A 50% reduction in fuel price decreased the total harvesting cost of biomass material 
from $8.72 per ton to $8.38 per ton, a reduction of $0.34 per ton and a decrease in total cost of 
4%.  A 100% increase in fuel cost increased total harvesting cost from $8.72 per ton to $9.40 per 
ton an increase of $0.68 per ton and a 8% change in cost.  For each 10% change in fuel price the 
cost per ton decreased or increased by approximately $0.07 per ton.   
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Appendix E1. Effect of changes in fuel price on cost per ton of material. 
- Equipment purchase price sensitivity on WT system  
The equipment suite was purchased at a cost of $125,000 for the feller-buncher, $45,000 for 
the skidder, and $35,000 for the loader.  A decrease of 50% in the purchasing price of each piece 
of equipment in the equipment suite reduced the total cost of harvesting SHWP in the WT 
system from $34.55 per ton to $33.81 per ton, a decrease of $0.74 per ton. This represents a 2% 
change in total costs.   A 100% increase in the purchasing cost of each piece of equipment 
increased harvesting cost from $34.55 per ton to $36.03 per ton of SHWP, a change of $1.48 per 
ton and a 4% increase in total costs.  For each 10% increment change in purchasing cost, total 
cost decreased or increased by an average of $0.15 per ton.   
 Changes in equipment purchasing costs also changed the harvesting cost of 
biomass in the WT system.  A 50% decrease in the purchasing price of equipment reduced 
harvesting costs from $5.75 per ton to $5.74 per ton, a decrease in costs of $0.01 per ton.  This 
represents less than a 1% change in total harvesting costs.  A 100% increase in equipment 
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purchasing costs increased the harvesting cost of biomass from $5.75 per ton to $5.78 per ton, a 
$0.02 increase in the cost per ton.  This also represents a less than 1% increase in the total cost 
per ton.  For each 10% change in equipment purchasing costs, the total harvesting cost of 
biomass increased or decreased by less than $0.01 per ton.            
- Equipment purchase price sensitivity on WTSD system 
A 50% decrease in equipment purchasing price decreased the total harvesting cost of 
SHWP in the WTSD system from $32.17 per ton to $31.48 per ton a decrease of $0.69 per ton 
and a 2% cost change.  A 100% increase in equipment purchasing price increased the total 
harvesting cost from $32.17 per ton to $33.54 per ton, a difference of $1.38 and a 4% increase in 
costs.  For each 10% change in purchasing costs the cost per ton decreased or increased by $0.14 
per ton.   
 For the biomass component of the WTSD harvesting system a 50% decrease in 
equipment purchasing price decreased the total cost per ton from $8.72 down to $8.62 per ton, a 
difference of $0.09 per ton and a 1% decrease in total cost.  A 100% increase in equipment 
purchasing price increased costs from $8.72 per ton to $8.91 per ton a $0.19 increase and a 2% 
change in total costs.  For each 10% increment change in purchasing cost, total costs decreased 
or increased by approximately $0.02 per ton.            
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Appendix E2. Effect of changes in equipment suite costs on cost per ton of material. 
- Stumpage cost sensitivity on WT system 
A stumpage cost of $8.50 per ton was assumed for SHWP from the WT harvest plots and 
$8.31 per ton for SHWP from the WTSD plots.  Biomass stumpage costs from both treatments 
were assumed to be $5.00 per ton.  A 50% decrease in SHWP stumpage price in the WT system 
resulted in a decrease in total cost per ton from $34.55 to $30.29 per ton an overall decrease of 
$4.26 per ton.  This represents a 12% change in the total cost per ton.  A 100% increase in 
stumpage costs resulted in an increase in cost per ton from $34.55 per ton to $43.06 per ton, an 
$8.51 per ton increase and a 25% change.  For each 10% increment in change of stumpage cost, 
total harvesting cost decreased or increased by $0.85 per ton.   
A 50% decrease in stumpage cost for the biomass decreased total harvesting costs from 
$5.75 per ton to $3.25 per ton, a $2.50 per ton decrease and a 43% change in harvesting costs.  A 
100% increase in stumpage cost increased harvesting costs from $5.75 per ton to $10.75 per ton, 
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an increase in $5.00 per ton and an 87% change in total harvesting costs.  For each 10% change 
in stumpage cost total harvesting cost decreased or increased by approximately $0.50 per ton.   
- Stumpage cost sensitivity on WTSD system 
In the WTSD system a 50% decrease in SHWP stumpage price decreased the total cost 
per ton from $32.17 per ton to $28.01 per ton.  This is a decrease in cost of $4.16 per ton and a 
13% change in cost.  A 100% increase in stumpage cost results in an increase in harvesting costs 
from $32.17 per ton to $40.48 per ton a difference of $8.31 per ton and a change in cost of 26%.  
For each 10% increment change in stumpage cost, total harvesting cost decreased or increased by 
$0.83 per ton. 
For biomass stumpage costs in the WTSD system, a 50% decrease in stumpage costs 
resulted in a decrease in total costs from $8.72 per ton to $6.22 per ton, a difference of $2.50 per 
ton and 29% change in total costs.  A 100% increase in stumpage cost increased total costs from 
$8.72 per ton to $13.72 per ton, an increase of $5.00 per ton.  This results in an increase of 57% 
in the total cost per ton.  For each 10% increment change in stumpage cost total harvesting costs 
decreased or increased by approximately $0.50 per ton.    
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Appendix E3. Effect of changes in stumpage costs on cost per ton of material 
- Utilization rate sensitivity on WT system 
In the WT system the utilization rates observed during the harvest were 29% for the feller-
buncher, 72% for the skidder, and 54% for the loader.  Decreasing the equipment suite’s 
utilization rate to 10% increased total harvesting costs of SHWP from $34.55 per ton to $125.42 
per ton.  This is a cost increase of $90.88 per ton and a 263% change in the total cost for SHWP.  
Increasing equipment utilization rates to 90% reduced harvesting costs from $34.55 per ton to 
$26.63 per ton, a decrease of $7.91 per ton and a change of 23%.   
 Varying utilization rates also had an effect on the cost of harvesting biomass in the WT 
system.  An equipment suite utilization rate of 10% increased harvesting costs from $5.75 per 
ton to $8.24 per ton.  This represents a total cost increase of $2.48 and a change of 43%.  
Increasing the equipment suite’s utilization rate to 90% decreased total harvesting costs from 
$5.75 per ton to $5.53 per ton, a reduction of $0.22 and a change of 4% in the total cost of 
harvesting biomass in the WT system. 
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- Utilization rate sensitivity on WTSD system  
In the WTSD system observed utilization rates were 32% for the feller-buncher, 59% for the 
skidder, and 54% for the loader.  Reducing the equipment suite utilization rate to 10% increased 
harvesting costs for the SHWP from $32.17 per ton to $114.23 per ton.  This represents a cost 
increase of $82.06 per ton and a change of 255%.  Increasing the equipment suite utilization rate 
to 90% reduced harvesting costs from $32.17 per ton to $23.28 per ton, a decrease of $8.89 per 
ton and a change of 28% to the total harvesting cost of the SHWP.   
An equipment suite utilization rate of 10% increased the cost of harvesting biomass in the 
WTSD system from $8.72 per ton to $19.22 per ton, an increase of $10.50 per ton and a change 
of 120%.  Increasing the equipment suite utilization rate to 90% decreased harvesting costs from 
$8.72 per ton to $7.70 per ton.  This represents a decrease in cost of $1.02 per ton and a change 
in cost of 12% to the total cost of harvesting biomass in the WTSD system.     
 
Appendix E4. Effect of changes in equipment suite utilization rate on cost per ton of 
material 
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10% Interest Rate 
- Fuel cost sensitivity on WT system 
 For the duration of the harvest off-road diesel prices were at an average of $3.33 a gallon.  
A 50% decrease in fuel prices from $3.33 down to $1.67 reduced the total cost of harvesting 
SHWP in the WT harvest system from $36.43 per ton to $33.64 per ton, a decrease in the total 
harvesting cost of $2.79 per ton.  This represents an 8% decrease in the total harvesting cost.  A 
100% increase in fuel costs from $3.33 to $6.66 increased the total cost of harvesting SHWP 
from $36.43 per ton to $42.01 per ton, an increase in cost of $5.58 per ton.  This represents a 
15% increase in the total harvesting cost.  For each 10% change in the cost of fuel the overall 
harvesting costs decreases or increases by $0.56 per ton. 
 Decreasing the cost of fuel by 50% reduced the cost of harvesting biomass from $5.78 
per ton to $5.72 per ton, a decrease in total harvesting cost of $0.07 and a 1% change in total 
costs.  Increasing the cost of fuel by 100% increased the cost of harvesting from $5.78 per ton to 
$5.92 per ton, an increase in costs of $0.13 and a 2% change in total harvesting costs.  For each 
10% change in fuel costs, harvesting costs increased or decreased by approximately $0.01 per 
ton. 
- Fuel cost sensitivity on WTSD system 
 In the WTSD harvesting system a 50% reduction in fuel price decreased the total 
harvesting cost of SHWP from $33.92 per ton to $31.36 per ton a decrease in total cost of $2.55 
per ton.  This represents an 8% decrease in the total harvesting cost.  A 100% increase in fuel 
cost changed total harvesting cost from $33.92 per ton to $39.02 per ton, an increase of $5.11 per 
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ton.  This represents a 15% increase in total harvesting costs.  Each 10% change in fuel price 
resulted in an average of $0.51 decrease or increase in the cost per ton.   
 A 50% reduction in fuel price decreased the total harvesting cost of biomass material 
from $8.96 per ton to $8.62 per ton, a reduction of $0.34 per ton and a decrease in total cost of 
4%.  A 100% increase in fuel cost increased total harvesting cost from $8.96 per ton to $9.63 per 
ton an increase of $0.68 per ton and a 8% change in cost.  For each 10% change in fuel price the 
cost per ton decreased or increased by approximately $0.07 per ton.   
     
 
Appendix E5. Effect of changes in fuel price on cost per ton of material. 
- Equipment purchase price sensitivity on WT system  
The equipment suite was purchased at a cost of $125,000 for the feller-buncher, $45,000 for 
the skidder, and $35,000 for the loader.  A decrease of 50% in the purchasing price of each piece 
of equipment in the equipment suite reduced the total cost of harvesting SHWP in the WT 
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system from $36.43 per ton to $34.75 per ton, a decrease of $1.68 per ton. This represents a 5% 
change in total costs.   A 100% increase in the purchasing cost of each piece of equipment 
increased harvesting cost from $36.43 per ton to $39.79 per ton of SHWP, a change of $3.36 per 
ton and a 9% increase in total costs.  For each 10% increment change in purchasing cost, total 
cost decreased or increased by an average of $0.34 per ton.   
 Changes in equipment purchasing costs also changed the harvesting cost of 
biomass in the WT system.  A 50% decrease in the purchasing price of equipment reduced 
harvesting costs from $5.78 per ton to $5.75 per ton, a decrease in costs of $0.03 per ton.  This 
represents less than a 1% change in total harvesting costs.  A 100% increase in equipment 
purchasing costs increased the harvesting cost of biomass from $5.78 per ton to $5.84 per ton, a 
$0.06 increase in the cost per ton.  This also represents a 1% increase in the total cost per ton.  
For each 10% change in equipment purchasing costs, the total harvesting cost of biomass 
increased or decreased by less than $0.01 per ton.            
- Equipment purchase price sensitivity on WTSD system 
A 50% decrease in equipment purchasing price decreased the total harvesting cost of 
SHWP in the WTSD system from $33.92 per ton to $32.35 per ton a decrease of $1.56 per ton 
and a 5% cost change.  A 100% increase in equipment purchasing price increased the total 
harvesting cost from $33.92 per ton to $37.04 per ton, a difference of $3.12 and a 9% increase in 
costs.  For each 10% change in purchasing costs the cost per ton decreased or increased by $0.31 
per ton.   
 For the biomass component of the WTSD harvesting system a 50% decrease in 
equipment purchasing price decreased the total cost per ton from $8.96 down to $8.74 per ton, a 
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difference of $0.21 per ton and a 2% decrease in total cost.  A 100% increase in equipment 
purchasing price increased costs from $8.96 per ton to $9.39 per ton a $0.43 increase and a 5% 
change in total costs.  For each 10% increment change in purchasing cost, total costs decreased 
or increased by approximately $0.04 per ton.            
 
Appendix E6. Effect of changes in equipment suite costs on cost per ton of material. 
- Stumpage cost sensitivity on WT system 
A stumpage cost of $8.50 per ton was assumed for SHWP from the WT harvest plots and 
$8.31 per ton for SHWP from the WTSD plots.  Biomass stumpage costs from both treatments 
were assumed to be $5.00 per ton.  A 50% decrease in SHWP stumpage price in the WT system 
resulted in a decrease in total cost per ton from $36.43 to $32.17 per ton an overall decrease of 
$4.26 per ton.  This represents a 12% change in the total cost per ton.  A 100% increase in 
stumpage costs resulted in an increase in cost per ton from $36.43 per ton to $44.94 per ton, an 
$8.51 per ton increase and a 23% change.  For each 10% increment in change of stumpage cost, 
total harvesting cost decreased or increased by $0.85 per ton.   
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A 50% decrease in stumpage cost for the biomass decreased total harvesting costs from 
$5.78 per ton to $3.28 per ton, a $2.50 per ton decrease and a 43% change in harvesting costs.  A 
100% increase in stumpage cost increased harvesting costs from $5.78 per ton to $10.78 per ton, 
an increase in $5.00 per ton and an 86% change in total harvesting costs.  For each 10% change 
in stumpage cost total harvesting cost decreased or increased by approximately $0.50 per ton.   
- Stumpage cost sensitivity on WTSD system 
In the WTSD system a 50% decrease in SHWP stumpage price decreased the total cost 
per ton from $33.92 per ton to $29.76 per ton.  This is a decrease in cost of $4.16 per ton and a 
12% change in cost.  A 100% increase in stumpage cost results in an increase in harvesting costs 
from $33.92 per ton to $42.23 per ton a difference of $8.31 per ton and a change in cost of 25%.  
For each 10% increment change in stumpage cost, total harvesting cost decreased or increased by 
$0.83 per ton. 
For biomass stumpage costs in the WTSD system, a 50% decrease in stumpage costs 
resulted in a decrease in total costs from $8.96 per ton to $6.46 per ton, a difference of $2.50 per 
ton and 28% change in total costs.  A 100% increase in stumpage cost increased total costs from 
$8.96 per ton to $13.96 per ton, an increase of $5.00 per ton.  This results in an increase of 56% 
in the total cost per ton.  For each 10% increment change in stumpage cost total harvesting costs 
decreased or increased by approximately $0.50 per ton.    
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Appendix E7. Effect of changes in stumpage costs on cost per ton of material 
- Utilization rate sensitivity on WT system 
In the WT system the utilization rates observed during the harvest were 29% for the feller-
buncher, 72% for the skidder, and 54% for the loader.  Decreasing the equipment suite’s 
utilization rate to 10% increased total harvesting costs of SHWP from $34.55 per ton to $133.53 
per ton.  This is a cost increase of $98.98 per ton and a 267% change in the total cost for SHWP.  
Increasing equipment utilization rates to 90% reduced harvesting costs from $34.55 per ton to 
$27.58 per ton, a decrease of $6.97 per ton and a change of 20%.   
 Varying utilization rates also had an effect on the cost of harvesting biomass in the WT 
system.  An equipment suite utilization rate of 10% increased harvesting costs from $5.78 per 
ton to $8.41 per ton.  This represents a total cost increase of $2.63 and a change of 45%.  
Increasing the equipment suite’s utilization rate to 90% decreased total harvesting costs from 
$5.78 per ton to $5.55 per ton, a reduction of $0.23 and a change of 4% in the total cost of 
harvesting biomass in the WT system. 
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- Utilization rate sensitivity on WTSD system  
In the WTSD system observed utilization rates were 32% for the feller-buncher, 59% for the 
skidder, and 54% for the loader.  Reducing the equipment suite utilization rate to 10% increased 
harvesting costs for the SHWP from $32.17 per ton to $121.55 per ton.  This represents a cost 
increase of $89.38 per ton and a change of 278%.  Increasing the equipment suite utilization rate 
to 90% reduced harvesting costs from $32.17 per ton to $24.09 per ton, a decrease of $8.07 per 
ton and a change of 25% to the total harvesting cost of the SHWP.   
An equipment suite utilization rate of 10% increased the cost of harvesting biomass in the 
WTSD system from $8.72 per ton to $20.39 per ton, an increase of $11.67 per ton and a change 
of 134%.  Increasing the equipment suite utilization rate to 90% decreased harvesting costs from 
$8.72 per ton to $7.83 per ton.  This represents a decrease in cost of $0.89 per ton and a change 
in cost of 10% to the total cost of harvesting biomass in the WTSD system.     
 
Appendix E8. Effect of changes in equipment suite utilization rate on cost per ton of 
material 
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